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745 Fifth Avenue, New York, NY 10151 



Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Dear Sir: 

DECLARATION OF BRIAN R. WALKER AND JONATHAN R. SECKL 
WE, BRIAN R. WALKER AND JONATHAN R. SECKL, declare and state that: 

1 . We are the named inventors on the above-captioned application ("the present 
application") and are familiar with it and its prosecution, including the claims, and the November 
19, 2003 Office Action. It is our understanding that the pending claims read as follows: 
— 1 4. A method for inhibiting reductase activity of 1 1 - 
Beta-hydroxysteroid dehydrogenase 1(1 1-Beta HSD1) in an 
animal in need thereof in neuronal tissue of the animal comprising 
administering to the animal an inhibitor of said reductase activity 
of 1 1-Beta HSD1 in an amount effective to so inhibit the reductase 
activity of 11 -Beta HSD1. 

15. A method for reducing intracellular glucocorticoid 
concentration in an animal in need thereof in neuronal tissue 
comprising inhibiting the reductase activity of 11 -Beta- 
hydroxysteroid dehydrogenase 1 (1 1-Beta HSD1) in said tissue. 

16. The method of claim 14 wherein the inhibitor is 
carbenoxolone or a pharmaceutically acceptable salt thereof. 
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17. 



The method of claim 15 wherein the inhibitor is 



carbenoxolone or a pharmaceutical^ acceptable salt thereof.-- 



2. More in particular, we are advised and therefore believe that in the November 1 8, 
2003 Office Action, these claims were rejected under 35 U.S.C. §112 because the Examiner 
questions "compounds which inhibit the reductase activity of 1 1-Beta-hydroxysteroid 
dehydrogenase I in neural tissue" and enablement for such inhibitors beyond carbenoxolone. 

3. We are also familiar with the present application and the concurrently-filed 
Communication forwarding Declaration, and that the arguments in that Communication are 
based on our assertions herein. 

4. Furthermore we, Professor Jonathan R Seckl and Dr Brian R Walker, respectfully 
submit that we are experts in the field of 1 ip-hydroxysteroid dehydrogenases. Brief curricula 
vitae are attached as Appendices A and B. We have both been active researchers in this field for 
more than 10 years and, together and separately, have published more than 200 relevant primary 
articles in peer-reviewed journals and more than 80 review articles and contributions to books. 
We have obtained very substantial external research funding for our work in this area in open 
competition. We both lead research groups within the University of Edinburgh in which we 
supervise more than 40 full-time research staff who are investigating aspects of glucocorticoid 
biology, including 1 1 p-hydroxysteroid dehydrogenases. We are both asked regularly to speak to 
the subject of 1 1 P-hydroxysteroid dehydrogenase biology at national and international scientific 
meetings. 

5. Accordingly, in view of our education, training and experience, we are considered 
by our peers to be experts in the field to which the present application pertains, and qualified to 
knowledgeably characterize the art to which the invention in the present application relates, and 
to speak as to the present application, and the invention claimed, including being qualified to 
present expert opinions about the present invention and literature in support of it, and documents 
cited against the present invention. Moreover, we respectfully submit that we are qualifed to 
state the knowledge in the art, and that which the skilled artisan would not have required any 
undue experimentation to practice, e.g., the enablement and the written description in the present 
application, and what the skilled artisan would have been taught, as well as what would have 
been obvious and nonobvious to the skilled artisan. 
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6. Thus, this Declaration is intended to assert the sufficiency of the enablement of 
the claimed subject matter of the present application (as of original filing of the parent 
application in August 1995), i.e., to respond to the rejections of the present application under 35 
U.S.C. §112, first paragraph; which rejections we respectfully request be reconsidered and 
withdrawn in view of this Declaration and the attachments hereto. All documents cited herein 
are listed on a reference list that appears before the closing paragraph and our signatures. All 
documents cited herein are incorporated herein by reference, and a copy of those documents 
indicated in the following text as attached is included with this Declaration, to assist the 
Examiner in confirming our assertions and discussions herein. The Examiner is respectfully 
requested to consider and make of record documents cited herein. 

7. With respect to the rejections under Sections 112, initially it is noted that the 
Figures provide doses of an inhibitor of the reductase activity of 1 1-Beta HSD1 from which the 
skilled artisan can make and use the claimed invention, without undue experimentation. 
Additionally, as to inhibitors of 1 1-Beta HSD1, the attached article by Monder and White, in 
Table IV at pages 196-198 provides a rather lengthy list of inhibitors of 1 ip-hydroxysteroid 
dehyrogenase, such that contrary to the Office Action, the skilled artisan understands compounds 
that "inhibit the reductase activity of 1 1-Beta-hydroxysteroid dehydrogenase I" and would readily 
understand how to use such compounds in the methods of the present invention without any 
undue experimentation. 

8. Indeed, in addition to the lengthy list of inhibitors in Monder and White, we note 
that documents cited in the prosecution of the parent application, U.S. Application Serial 
Number 09/029,535, now U.S. Patent 6,521,267, also show inhibitors and modes of 
administration, such as Walker et al., "Carbenoxolone Increases Hepatic Insulin Sensitivity in 
Man: A Novel Role for 1 1-oxosteroid Reductase in Enhancing Glucocorticoid Receptor 
Activation," J. Clin. Endocrinology and Metabolism 80 (1 1): 3155-59 (1995). Thus, in the art, 
carbenoxolone and the lengthy list in Monder and White were known inhibitors. Gomez- 
Sanchez et al., "Central hypertensinogenic effects of glycyrrhizic acid and carbenoxolone," Am J 
Physiol 263 (6 Pt 1): El 125-E1 130 (1992) showing that licorice, glycyrrhizic acid, and 
carbenoxolone were known inhibitors, as well as the infusion of glycyrrhizic acid and 
carbenoxolone into the lateral ventricle of the brain of the rat at doses less than that which has an 
effect when infused subcutaneously, produces hypertension, showing that such compounds were 
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administered subcutaneously, orally, and by infusion; see also Whorwood et al., "Licorice 
inhibits 1 1 beta-hydroxysteroid dehydrogenase messenger ribonucleic acid levels and potentiates 
glucocorticoid hormone action " Endocrinology 132 (6): 2287-92 (1993) (copy of Abstract 
attached). Even further still, Homma et al, "A Novel 1 1 P-Hydroxsteroid Dehydrogenase 
Inhibitor Contained in Saiboku-To, a Herbal Remedy for Steroid-dependent Bronchial Asthma," 
J. Pharm Pharmacol 46:305-309 (1994) (copy attached), Zhang et al., "Inhibition of 1 1 p- 
Hydroxysteroid Dehydrogenase Obtained from Guinea Pig Kidney by Furosemide, Naringenin 
and Some Other Compounds," J Steroid Biochem Molec Biol 49(l):81-85 (1994) (copy 
attached), and Lee et al., "Grapefruit juice and its flavenoids inhibit 1 ip-hydroxysteroid 
dehydrogenase," Clin Pharmacol Ther 59:62-71 (1996) (copy attached), evince even more 
inhibitors that can be administered in known ways (both in terms of doses and routes of 
administration), such as flavenoids, which "are sold in tablet form in health food stores and drug 
stores," and herbs or constituents of herbs. See also Morris et al, "Endogenous 1 1 beta- 
hydroxysteroid dehydrogenase inhibitors and their role in glucocorticoid Na+ retention and 
hypertension," Endocr Res 22(4):793-801 (1996) (progesterone metabolites as inhibitors, and 
progesterone is also a substance that can be administered - both in terms of doses and routes of 
administration - without undue experimentation). 

9. Furthermore, attached as Appendix C are two pages of a presentation originally 
provided to the Patent Office during the October 2, 2001 Interview during the prosecution of 
U.S. Application Serial Number 09/029,535, now U.S. Patent 6,521,267, and which was 
provided to the present Examiner during the March 10, 2004 Interview. Appendix C depicts 
results obtained with various known compounds, including chenodeoxycholic acid and frusemide 
in addition to carbenoxolone, that inhibit 1 IB-reductase in intact primary neurons and 
adipocytes. Therefore, Appendix C provides additional known inhibitors that so inhibit the 
enzyme in amounts disclosed in the application, such that based upon the knowledge in the art 
and the disclosure in the application, the invention can be practiced by one of skill in the art 
without undue experimentation. 

10. Accordingly, the Examiner is respectfully requested to reconsider and withdraw 
the Section 112 rejections: The present application contains both a written description and 
enablement for the claimed methods, and, one skilled in the art, from the knowledge in the art 
and the teachings in the application, can practice the claimed methods, without any undue 
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experimentation, including without any undue experimentation in selecting a suitable inhibitor, 
and a dose therefore and a route of administration thereof. 3 

SUMMARY AND REQUEST FOR INTERVIEW 

1 1 . This declaration shows that the claimed subject matter is sufficiently described 
and enabled in the present application, and can be practiced without any undue experimentation. 
Accordingly, it is respectfully requested that the rejections of the November 18, 2003 Office 
Action be reconsidered and withdrawn. Moreover, we would welcome the opportunity to further 
explain any aspect of the present invention or this declaration to the Examiner, his SPE, and a 
Group 1600 Practice Specialist, in person. Therefore, if any issue remains as an impediment to 
allowance, we respectfully request a personal interview with the Examiner, his SPE, and a Group 
1600 Practice Specialist, prior to issuance of any paper other than a Notice of Allowance; and, 
pursuant to this request the Examiner is also asked if he could please contact our representative, 
Mr. Thomas J. Kowalski, FROMMER LAWRENCE & HAUG LLP, 745 Fifth Avenue, New 
York, NY 10151, tel: 212-588-0800, fax: 212-588-0500, email: tkowalski@flhlaw.com, to 
arrange a mutually convenient time and manner for such an interview. 

REFERENCES 

12. References cited in this Declaration, and incorporated herein by reference, as 
shown in Appendix D, include: 



Gomez-Sanchez et al., "Central hypertensinogenic effects of glycyrrhizic acid and 
carbenoxolone," Am J Physiol 263 (6 Pt 1): El 125-E1 130 (1992). 

Homma et al., "A Novel 1 lp-Hydroxsteroid Dehydrogenase Inhibitor Contained in Saiboku-To, 
a Herbal Remedy for Steroid-dependent Bronchial Asthma," J. Pharm Pharmacol 
46:305-309(1994). 

Lee et al., "Grapefruit juice and its flavenoids inhibit lip-hydroxysteroid dehydrogenase," Clin 
Pharmacol Their 59:62-71 (1996). 

Monder C, White PC. 1 lp-Hydroxysteroid dehydrogenase. Vitamins and Hormones 47: 187- 
271 (1993). 



a In this regard, we are advised and therefore believe that a specification need only begin teaching where 
the prior art leaves off Thus, the present application did not need to provide an exhaustive list in 
inhibitors, doses of inhibitors, and routes of administration. 
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Morris et al., "Endogenous 1 1 beta-hydroxysteroid dehydrogenase inhibitors and their role in 

glucocorticoid Na+ retention and hypertension," Endocr Res 22(4):793-801 (1996). 

Walker BR, Connacher AA, Lindsay RM, Webb DJ, Edwards CRW. Carbenoxolone increases 
hepatic insulin sensitivity in man: a novel role for 1 1-oxosteroid reductase in 
enhancing glucocorticoid receptor activation. J.Clin.Endocrinol.Metab. 80: 3155- 
3159(1995). 

Whorwood et al, "Licorice inhibits 1 1 beta-hydroxysteroid dehydrogenase messenger 
ribonucleic acid levels and potentiates glucocorticoid hormone action," 
Endocrinology 132 (6): 2287-92 (1993) (Abstract). 

Zhang et al., "Inhibition of 1 lp-Hydroxysteroid Dehydrogenase Obtained from Guinea Pig 
Kidney by Furosemide, Naringenin and Some Other Compounds," J Steroid 
Biochem Molec Biol 49(l):81-85 (1994). 



13. We further declare that all statements made herein of our own knowledge are true 
and that all statements made on information and belief are believed to be true; and, that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful statements may jeopardize the validity of the application or any patent 
issued thereon. 

Dated: By: 

Professor Jonathan R. Seckl 



Dated: By: 

Dr. Brian R. Walker 
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CURRICULUM VITAE 

Jonathan Robert SECKL BSc, MBBS, MRCP (UK), PhD, FRCPE, FMedSci 

AWARDS, PRIZES AND FELLOWSHIPS 

1978 Rlliter Prize (1st in Pathology and Microbiology MB). 

1980 Hons Viva (Medicine). 

1980 Magrath Scholarship/Fellowes Gold Medal (Medicine MB). 

1980 The Achison Exhibition (Medicine). 

1984 Sir Jules Thorn Trust Research Fellowship. 

1989 Wellcome Trust/Royal Society of Edinburgh Senior Clinical Research Fellowsh.p. 

1993 Wellcome Trust Senior Research Clinical Fellowship Renewal 

1993 FRCPEdin 

1994 Norage Pharmacia Prize (best paper on brain aging) 

1998 Society for Endocrinology Medal 

1 999 Mortyn Jones Memorial Lecturer 

1999 Fellowship, Academy of Medical Sciences 

PRESENT APPOINTMENTS 

1997 Moncrieff-Arnott Professor of Molecular Medicine, University of Edinburgh. 

1995 . Chairman, Molecular Medicine Centre, University of Edinburgh. 

1989 Honorary Consultant Physician (Endocrinology), Western General Hospital. 

PREVIOUS APPOINTMENTS 

199637 Professor of Endocrinology, University of Edinburgh. 

1993-96 Senior Lecturer in Medicine, University of Edinburgh. 

1989-97 Wellcome Trust/Royal Society of Edinburgh Senior Clinical Research Fellow. 

1987-92 Visiting Scientist, MRC Brain Metabolism Unit Edinburgh. 

1987-89 University of Edinburgh, Department of Medicine, Lecturer in Medicine 

1984-87 Charing Cross and Westminster Medical School.Research Fellow Neuroendocnnology. 
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Curriculum vitae 



Dr Brian Robert Walker 



DOB 12/7/63 British 



Degrees etc 



University of Edinburgh 
University of Edinburgh 



1984 
1986 
1989 
1993 
1999 



BSc ( 1 st class Hons) Immunology 
MBChB 
MRCP(UK) 
MD (with Distinction) 
FRCP Edinburgh 



University of Edinburgh 



Current Appointments 

British Heart Foundation Senior Research Fellow (since Nov 1996) 

Honorary Consultant Physician, Western General Hospital (since Nov 1996) 

Member of Scientific Advisory Board, Wellcome Trust Cardiovascular Research Initiative and 

Centre for Cardiovascular Biology, University of Edinburgh (since Aug 1998) 
Associate Director, Clinical Research Centre, University of Edinburgh (since June 1999) 
Reader in Medicine, University of Edinburgh (since Oct 1999) 

Director, GCMS Core Laboratory, Wellcome Trust Clinical Research Facility, Edinburgh (since 
Dec 1999) 

Previous Appointments 

1 993-6 Lecturer in Medicine University of Edinburgh 

1 992-3 Sir Stanley Davidson Lecturer in Medicine University of Edinburgh 

1989-93 MRC Training Fellow University of Edinburgh 

1987-89 SHO Rotation Western Infirmary Glasgow 

Postgraduate Prizes 

William Leslie Prize for research awarded by University of Edinburgh Faculty of Medicine, 
1991 

Shortlisted for Young Investigator Award at the British Hypertension Society, Dublin, 1991 
Finalist in Medical Research Society Young Investigator Prize competition, London, 1993 
Wilfrid Card Lectureship and Medal, Edinburgh, 1994 

Young Endocrinologist Award at the British Endocrine Societies, Warwick, 1995 
Poster Prize at the Society for Endocrinology, London, 1995 

Young Investigator Award at the International Society of Hypertension, Glasgow, 1996 

Merck Senior Fellow Award at the International Congress of Endocrinology, San Francisco, 

1996: 

British Hypertension Society Cardiovascular Research Travelling Fellowship to visit University 
of Umea, Sweden, 1997 

Young Investigator Award at the British Hypertension Society, Bristol, 1997 

Short-listed for the Austin Doyle Award at the International Society for Hypertension, 

Amsterdam, 1998 

Special Travel Award to the International Society for Hypertension, Chicago, 2000 
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Academic recognition and activities 

Member of Editorial Board for Clinical Endocrinology 1 999- 
Senior Editor for Journal of Endocrinology 2000- 

Refereed grant applications for British Heart Foundation, Wellcome Trust, Medical Research 
Council, and British Diabetic Association; reviewed numerous manuscripts for diverse 
journals; examined 5 postgraduate theses 

Iii year 2000* invited to lecture in Umea (Sweden), Gothenburg (Sweden), Phoenix (USA), 
Monte Carle (Monaco), and Nice (France); also lecturer at British Endocrine Societies Joint 
Meetings in 1998 and 1999, and at Association of Clinical Biochemists in Glasgow 1998. 

Relevant Publications 
Peer-Reviewed Publications 

Dr Walker is author of more than 50 peer-reviewed articles since 1990. The following are 
especially relevant to 1 1 p-hydroxysteroid dehydrogenases: 

1. Walker BR. Yau JL, Brett LP, Seckl JR, Monder C, Williams BC, Edwards CRW (1991) 1 16- 
Hydroxysteroid dehydrogenase in vascular smooth muscle and heart: implications for cardiovascular 
responses to glucocorticoids. Endocrinology, 129: 3305-33 12. 

2. Walker BR. Edwards CRW (1991) 11 8-Hydroxysteroid dehydrogenase and enzyme-mediated 
receptor protection: Life after liquorice? Clinical Endocrinology, 35: 281-289. 

3. Walker BR, Connacher AA, Webb DJ, Edwards CRW (1992) Glucocorticoids and blood pressure: 
a role for the cortisol/cortisone shuttle in the control of vascular tone in man. Clinical Science, 83 : 
171-178. 

4. : Walker BR. Moisan M-P (1992) Multiple isoforms of the cortisol-cortisone shuttle. Journal of 

Endocrinology. 133: 1-3. 

5. Walker BR. Campbell JC, Williams BC, Edwards CRW (1992) Rapid Communication: Tissue- 
specific distribution of the NAD + -dependent isoform of 1 18-hydroxysteroid dehydrogenase. 
Endocrinology, 131 : 970-972. 

6. Walker BR. Campbell JC, Fraser R, Stewart PM, Edwards CRW (1992) Mineralocorticoid excess 
and inhibition of 1 1 B-hydroxysteroid dehydrogenase in patients with ectopic ACTH syndrome. 
Clinical Endocrinology, 37: 483-492. 

7. Walker BR. Stewart PM, Shackleton CHL, Padfield PL, Edwards CRW (1993) Deficient 
inactivation of Cortisol by 1 1 B-hydroxysteroid dehydrogenase in essential hypertension. Clinical 
Endocrinology, 39: 22 1 -227. 

8. Walker BR. Sang KS, Williams BC, Edwards CRW (1994) Direct and indirect effects of 
carbenoxolone on responses to glucocorticoids and noradrenaline in rat aorta. Journal of 
Hypertension, 12: 33-39. 

9. Walker BR. I Williams BC, Edwards CRW (1994) Regulation of 11 B-hydroxysteroid dehydrogenase 
activity by the hypothalamic-pituitary-adrenal axis in the rat. Journal of Endocrinology, 141: 467- 
472. 

. 10. WalkerBR, Aggarwal I, Padfield PL, Stewart PM, Edwards CRW (1995) Endogenous inhibitors of 
1 1 B-hydroxysteroid dehydrogenase in hypertension. Journal of Clinical Endocrinology and 
Metabolism, 80: 529-533. 
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1 1 . Walker BR. Williamson PM, Brown MA, Honour JW, Edwards CRW, Whitworth JA (1995) 1 1B- 
Hydroxysteroid dehydrogenase and its inhibitors in hypertensive pregnancy. Hypertension, 25: 626- 
630. 

12: Walker BR, Connacher AA, Lindsay RM, Webb DJ, Edwards CRW (1995) Carbenoxolone 

increases hepatic insulin sensitivity in man: a novel role for 1 1-oxosteroid reductase in enhancing 
glucocorticoid receptor activation. Journal of Clinical Endocrinology and Metabolism, 80: 3 155- 
3159. 

13. Stewart PM, Walker BR. Holder G, O'Halloran D, Shackleton CHL (1995) 1 16-Hydroxysteroid 
dehydrogenase activity in Cushing's syndrome: explaining the mineralocorticoid excess state of the 
ectopic adreiiocorticotropin syndrome. Journal of Clinical Endocrinology and Metabolism, 80: 
3617-3620. 

14. Best R, Nelson SM, Walker BR (1997) Dexamethasone and 1 1-dehydrodexamethasone as tools to 
investigate the isozymes of 1 lB-hydroxysteroid dehydrogenase in vitro and in vivo. Journal of 
Endocrinology, 153: 41-48. 

15. Best R, Walker BR (1997) Additional value of measurement of urinary cortisone and unconjugated 
Cortisol metabolites in assessing the activity of 1 1 P-hydroxysteroid dehydrogenase in vivo. Clinical 
Endocrinology, 47 : 23 1-236. 

16. Walker BR, Best R, Noon JP, Watt GCM, Webb DJ (1997) Seasonal variation in glucocorticoid 
activity in healthy men. Journal of Clinical Endocrinology and Metabolism, 82: 4015-4019. 

17. Walker BR. Phillips DIW, Noon JP, Panarelli M, Best R, Edwards HV, Holton DW, Seckl JR, 
Webb DJ, Watt GCM (1998) Rapid Communication: Increased glucocorticoid activity in men with 
cardiovascular risk factors. Hypertension, 31.: 891-895. 

18. Andrew R, Phillips DIW, Walker BR (1998) Rapid Communication: Obesity and gender influence 
Cortisol secretion and metabolism in man. Journal of Clinical Endocrinology and Metabolism, 83: 
1806-1809. 

19. Walker BR, Andrew R, MacLeod KM, Padfield PL (1998) Growth hormone replacement inhibits 
renal and hepatic 1 1 P-hydroxysteroid dehydrogenases in ACTH-deficient patients. Clinical 
Endocrinology, 49: 257-263. 

20. Jamieson PM, Nyirenda MJ, Walker BR. Chapman KE, Seckl JR (1999) Interactions between 
©estradiol and glucocorticoid regulatory effects on liver-specific glucocorticoid-inducible genes: 
possible evidence for a role of hepatic HB-hydroxysteroid dehydrogenase type 1. Journal of 
Endocrinology, 160: 1 03- 1 09. 

21. Andrews RC, Walker BR (1999) Glucocorticoids and insulin resistance: old hormones, new targets. 
. \ Clinical Science, 96: 5 13-523. 

22. Jamieson A, Wallace AM, Walker BR. Andrew R, Fraser R, White PC, Connell JMC (1999) 
. Apparent cortisone reductase deficiency: a functional defect in 11 p-hydroxysteroid dehydrogenase 
. type 1 . Journal of Clinical Endocrinology and Metabolism, 84- 3570-3574. 

23. Finken MJJ, Andrews RC, Andrew R, Walker BR (1999) Cortisol metabolism in healthy young 
• . adults: sexual dimorphism in activities of A-ring reductase but not 11 P-hydroxysteroid 

dehydrogenases. Journal of Clinical Endocrinology and Metabolism, 84' 33 1 6-332 1 . 

24. : Walker BR . Rodin A, Taylor NF, Clayton RN (2000) Endogenous inhibitors of 1 1 p-hydroxysteroid 

dehydrogenase type 1 do not explain abnormal Cortisol metabolism in polycystic ovarian syndrome. 
Clinical Endocrinology, 52: 77-80. 

25. Livingstone DEW, Jones GC, Smith K, Jamieson PM, Andrew R, Kenyon CJ, Walker BR (2000) 
Understanding the role of glucocorticoids in obesity: tissue-specific alterations of corticosterone 
metabolism in obese Zucker rats. Endocrinology, 141 : 560-563. 

26. Jamieson PM, Walker BR . Chapman KE, Rossiter S, Seckl JR (2000) lip-Hydroxysteroid 
dehydrogenase type 1 is a predominant lip-reductase in the intact perfused rat liver. Journal of 
Endocrinology, 165: 685-692. 
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27. Baker RW, Walker BR . Shaw RJ, Honour JW, Zumla A, Lightman SL, Rook GAW (2000) 
Increased cortisol/cortisone ratio in acute pulmonary tuberculosis. American Journal of Respiratory 
and Critical Care Medicine, 162: 1 64 1 - 1 647. 

28. Mangos G, Walker BR. Kelly JJ, Lawson J, Webb DJ, Whitworth JA (2000) Cortisol inhibits 
cholinergic dilatation in the human forearm: towards an explanation for glucocorticoid-induced 
hypertension. American Journal of Hypertension, 13: 1 1 55-1 160. 

29. Irving RJ, Belton NR, Elton RA, Walker BR (2000) Adult cardiovascular risk factors in premature 
babies. Lancet 355: 2135-2136. 

30. Ebrecht M, Buske-Kirschbaum A, Hellhammer DH, Kern S, Rohleder N, Walker BR. Kirschbaum 
G (2000) Tissue specificity of glucocorticoid sensitivity in healthy adults. Journal of Clinical 
Endocrinology and Metabolism, 85: 3733-3739. 

31. Livingstone DEW, Kenyon CJ, Walker BR (2000) Mechanisms of dysregulation of llp- 
hydrpxysteroid dehydrogenase type 1 in Zucker obese rats. Journal of Endocrinology, 167: 533-539. 

32. Yong PYK, Thong KJ, Andrew R, Walker BR. Hillier SG (2000) Development related increase in 
Cortisol biosynthesis by human granulosa cells. Journal of Clinical Endocrinology and Metabolism, 
85:4728-4733. 

33. Reynolds RM, Walker BR. Phillips DIW, Sydall HE, Andrew R, Wood PJ, Whorwood CB (2001) 
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Gomez-Sanchez, Elise P., and Celso E. Gomez- 
Sanchez; Central hypertensinogenic effects of glyeyrrhizic acid 
and carbenoxolone. Am. J. PhysioL 263 (Endocrinol Metab. 26): 
E1125-E1130, 1992.— The apparent mineralocorticoid excess 
syndrome of patients ingesting large amounts of licorice or its 
derivatives is thought to be caused by the antagonism by these 
compwds of the enzyme lX/?-hydroxysteroid dehydrogenase 
( )i Z r T 11 ^* HSD inactivates Cortisol and corticosterone, 
allowing the more abundantly produced glucocorticoids access 
to the mmeralocorticoid receptor (MR) in the kidney, where 
they act as mineralpcorticoids. We have found that the infusion 
of both glyeyrrhizic acid, an active principle of licorice, and 
carbenoxolone, a synthetic analogue, into a lateral ventricle of 
the brain [mtracerebroventricular (icv)] of a rat, at a dose less 
than that which hasl an effect when infused subcutaneously, 
produces hypertension. Furthermore, the hypertension pro- 
duced by the oral administration of carbenoxolone or glycyr- 
rtoic acid is blocked by the icv administration of RU 28318, an 
MR .antagonist, at a dose below that which has an effect on 
blood pressure when infused subcutaneously. While the oral 
adn^mistration caused saline polydipsia and polyuria typical of 
chronic systemic mineralocorticoid excess, the icv licorice de- 
rivatives produced hypertension without affecting saline appe- 
tite; .Sensitizing the rats to mmeralocorticoid hypertension by 
renal naass reduction and increasing salt consumption was not 
necessary for the production of hypertension. These findings 
provide additional evidence for a central role in blood pressure 
control by mmeralocorticoids that is distinct from their renal 
effects.-. They also suggest that more is involved in licorice- 
induced hypertension than only inhibition of 110-HSD. 

hypertension; hcorice; mineralcorticoids; RU 28318; steroid 
lip -hydro xystero id dehydrogenase 

ALDOSTERONE acts through type I receptors, or miner- 
alocorticoid receptors (MR), in the kidney to produce 
sodium retention and potassium and hydrogen ion ex- 
cretion. The MR is widely distributed and is present in 
the colon, parotid, vasculature, and, in particular, spe- 
cie areas of the brain (5, 13). The affinity of isolated 
^; fr°nv various sources, including expressed MR 
cDNA in COS cells, is similar for aldosterone, corticos- 
terone, and Cortisol (3, 4, 16). MR, regardless of the 
source, are physicochemically identical (16, 32), and ap- 
pear to be a product of the same cDNA (3). Corticoster- 
one_ and Cortisol normally do not act as mineralocorti- 
wicfean - the kidney in vivo. Specificity, originally 
thought to be intrinsic to the receptor, has been shown 
to be conferred extrinsically by corticosterone/cortisol- 
bmdmg globulin (CBG), which reduces free circulating 
glucocorticoid available to the receptor, and by 110- 
hydroxysteroid dehydrogenase (11/3-HSD). 110-HSD 
reversibly converts corticosterone and Cortisol to the 
!oV C £V e 11 ^ eh y dr ocorticosterone and cortisone (7, 9, 
12). The location of the 110-HSD enzyme has been con- 
troversial. It appears that 110-HSD is expressed in some 
mineralocorticoid target cells along with the MR, thus 



serving as an autocrine control, as well as in cells prox- 
imate to MR-containing cells, serving a paracrine func- 
tion (6, 9, 21, 24). 

Under normal conditions, most MR in the rat brain 
are almost fully occupied by corticosterone, while occu- 
pation of the type II receptor, or glucocorticoid receptor 
(GR), for which corticosterone has less affinity, is less 
complete and follows the circadian rhythm of glucocor- 
ticoid levels (7). It has been suggested that the occupa- 
tion of the MR in the brain, particularly in the hippo- 
campus, by corticosterone at low, physiological serum 
levels is possible because CBG does not penetrate the 
blood-brain barrier (7, 9) and because the activity of 
110-HSD in this organ is negligible (9, 12). However, in 
situ hybridization techniques have demonstrated the 
presence of 110-HSD in the brain (19), as well as the 
kidney. Whether 110-HSD is bioactiye in any, all, or 
only specific parts of the brain is controversial (9, 19, 
21). There are different tissue-specific forms and re- 
gional activity of the 11/5-HSD enzyme (20) that may 
account for the apparent "glucocorticoid-selective" MR 
in some parts, particularly the hippocampus, of the 
brain, in contrast to the "aldosterone-preferring" MR in 
the anterior hypothalamus (7, 18). Seckl et al. (27) have 
reported that 11/5-HSD inhibition by glycyrrhetinic acid 
in vivo in rats increased 2-deoxy-[ 14 C]glucose use in 
those areas of the brain where 110-HSD mRNA expres- 
sion has been documented. Corticosterone and aldoster- 
one have different actions in some areas of the brain, 
even though both are thought to be acting with the same 
affinity and through the same receptor. Aldosterone an- 
tagonizes important central nervous system (CNS) ef- 
fects of corticosterone (7, 26); corticosterone blocks the 
hypertension induced by the mtracerebroventricular 
(icv) infusion of aldosterone (13, 15). 

Apparent mineralocorticoid excess is a rare hyperten- 
sive syndrome in which patients have all of the mani- 
festations of excessive production of mineralocorticoids, 
including hypokalemia, but steroid measurements are 
normal or low. The defect has been identified as a defi- 
ciency in 11/MISD (11, 28, 30, 31). The pseudohyperal- 
dosteronism, including hypokalemia and low -renin hy- 
pertension,, produced by excessive licorice consumption 
and the treatment of peptic ulcers with licorice deriva- 
tives or their synthetic analogues has been attributed to 
the inhibition of this enzyme, allowing the more abun- 
dant circulating cortisol/corticosterone access to the 
MR in the kidney (9). Licorice derivatives and the syn- 
thetic analogue carbenoxolone have been used to study 
the mechanisms responsible for the syndrome, of appar- 
ent mineralocorticoid excess, as well as the extrinsic 
factors conferring apparent ligand specificity to the MR 
(8, 10, 22). We herein describe studies of the central and 

' S? N0 Ji C ^IS!?J^ ATER!AL MAY BE PROTECTED 
BY COPYRIGHT LAW (TITLE 17 U.S. COPE) 



viua; i. to ui i i :3W/B», 



E1126 



HYPERTENSION, CARBENOXOLONE, AND GLYCYR1 



ACID 



systemic effects of the icv, subcutaneous (sc), and oral 
administration of glycyrrhizic acid, a derivative of lico- 
rice, and carbenoxolone, a synthetic analogue, on the 
blood pressure using the specific MR antagonist RU 
28318 (14) to inhibit the MR. 

METHODS 

Cannulas were placed into the right lateral cerebral ventricles 
of male ou^red Sprague-Dawley rats weighing 180-200 g, using 
aseptic surgical technique under a combination of fentanyl and 
droperidol (inriovajr-Vet, Pitman-Moore), 0.01 ml/100 g body 
wt sc, as. preanesthetic and isoflurane as anesthetic. Rats re- 
ceived standard food (03% NaCl) and tap water or 0.9% saline 
ad libitum to amplify the hypertension as detailed below. Im- 
planted miniosmotic pumps (Alzet 2002, Alza, Palo Alto, CA), 
which delivered 0.49 ± 0.02 >l/h for 14 days, were used for icv 
and sc infusions. Pumps were changed on day 14 under isoflu- 
rane anesthesia, and pumps of the same lot were used through- 
out the experiment to ensure consistency. Carbenoxolone, RU 
28318, and corticosterone were dissolved in cerebrospinal fluid 
(CSF) or 0;86% NaCl with 10% propyleneglycol for icv and sc 
infusion. A potassium gluconate solution that delivered the 
same amount of K* as the RU 28318 solution was used as 
control for the mmeralocorticoid antagonist experiments (14). 
Reagents were purchased from Sigma, except for the RU 28318, 
which was a gift from Roussell (Romaineville, France). All so- 
lutions were made and sterilized by filtration through 0.2-jon 
fUters (Acrodisc 13, Gelman Scientific) immediately before fill- 
ing and implanting the pumps. Oral carbenoxolone or glycyr- 
rhizic acid was administered individually twice a day as 0.1 or 
0.2 ml of a slurry mixed in corn syrup that the rats accepted 
readily; Indirect systolic blood pressures (ETC, Woodhills, CA) 
and weights were measured twice a week starting before treat- 
ment as described previously (13). Twenty-four- or forty-eight- 
hour urine volumes were measured once a week in a stainless 
steel rat metabolism cage. 

Effect of icv administration of carbenoxolone: dose response. 
Carbenoxolone was infused icv at a rate of 0.3, 1.0, and 3.0 pg/h 
and sc at a rate of 3.0 jig/h into intact rats provided with 0D% 
saline to drink ad libitum. 

Effect of icv administration of carbenoxolone and corticoater- 
one, Carbenoxolone was infused icv at a rate of 5.0 jtg/h and 
corticosterone at a rate of 20 ng/h, alone and together. Two 
types of experiments were done. For one, the rats were intact 
and drank tap water ad libitum. For the other, the right kidneys 
were removed and the rats drank 0.9% saline ad libitum to be 
comparable to the classical maneuvers used to amplify miner- 
alocorticpid hypertension* 

Effect of oral administration of carbenoxolone with and with- 
out icv RU 28318. Carbenoxolone was administered orally in 
corn syrup 45 mg/kg twice dairy for 10 days and increased to 90 
mg/kg twice daily for the next 4 days to ascertain that the 
hypertensive effect was maximal; the control rats received corn 
syrup prajly. RU 28318 was infused icv at 1.1 j*g/h in one-half of 
the animals receiving carbenoxolone; the other animals received 
a potassium gluconate solution to supply the equivalent amount 
of K* lev. We have previously shown that 1.1 Mg/h RU 28318 icv 
has no intrinsic effect on the blood pressure but protects the rat 
from the hypertension of systemic mineralocoiiicoid excess, 
while being well below the dose required to affect on the blood 
pressure when infused sc (13, 14). The rats were intact and 
drank tap water ad libitum. 

Effect of oral administration of glycyrrhizic acid with and 
without XU 28318. The effects of both glycyrrhizic acid and 
carbenoxlone were studied because of evidence that carbenox- 
olone may have a larger range of effects, including the inhibition 
of 11-oxpreductase, than does glycyrrhizic acid (29). 



Glycyrrhizic acid was administered orally in com syrup 35 
mg/kg twice daily for 14 days. RU 28318 was infused icv and sc 
at LI Mg/h in two of three glycyrrhizic acid groups; the other 
glycyrrhizic acid animals received a potassium gluconate solu- 
tion icv to supply the equivalent amount of K + icv. Another 
group received corn syrup orally and the potassium gluconate 
solution icv. The rats were intact and drank tap water ad libi- 
tum. 

Animals were killed at the end of the studies by C0 2 narcosis 
and asphyxiation. Autopsies, including dye infusions to check 
cannula placement, were done at the conclusion of the study, 
and data from any animal in which there was doubt about the 
delivery of the solutions or which had evidence of illness causing 
undue stress were eliminated from the experiment At the time 
of the biweekly pump changes, if the catheter was found to be 
disconnected from the pump or cannula, the data from the 
preceding two weeks were discarded and the animal eliminated 
from the study. We started with 8-10 animals per group so that 
the groups were never reduced to fewer than 7 animals by the 
end of the experiment Data were compared by analysis of vari- 
ance and the Dunnett t and Fisher PLSD tests (StatView 512+, 
BrainPower, Calabazas, CA). 

RESULTS 

Carbenoxolone, 3 ug/h administered icv to intact rats 
drinking 0.9% saline ad libitum, increased the blood pres- 
sure of rats significantly (P < 0.01) within 3 days and was 
maximal by day 5 (Fig. 1). There was no significant 
change in the blood pressure of rats receiving 0.3 Mg/h 
CSF, or 1 ng/h carbenoxolone icv or 3 fig/h carbenoxolone 
sc over 14 days. No significant difference was found in 
rate of weight gain or 24-h urine volume between any 
groups in the icv studies. In separate studies it was found 
that doses of carbenoxolone >5 ug/h resulted in precipi- 
tation of the drug in the pump and cannulas. 

The icv infusion of corticosterone at 20 ng/h, a dose 
known to inhibit the hypertension produced by the icv 
infusion of aldosterone (15) while having no effect in and 
of itself, did not significantly blunt the increase in blood 
pressure produced by icv carbenoxolone, nor did it have 
any effect on the blood pressure by itself (Fig. 2). There 
was no difference in urine volume or weight gain between 
"groups in the same experiments. Removing one kidney 
and giving saline to drink did not alter the hypertension 
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day 5 

Fig. 1. Effect on indirect systolic blood pressure (BP) at day 5 of intrac- 
erebro ventricular (icv) and subcutaneous (sc) infusion of carbenoxolone 
(Cx) at 3.0 pg/h in intact rats drinking 0.9% saline ad libitum. CSF, 
cerebrospinal fluid. 
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Fig.2. Effect on indirect systolic blood pressure of icv infusion of car- 
benbxolbne at 5.0 pg/h and corticosterone at 20 ng/h, alone and to- 
gether, in aonsensitfeed rats (A; intact and drinking tap water ad libi- 
^k^SS* 1 ■ rata (B; one kidney removed and 
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Pig. 3. Effect on indirect systolic Wood pressure of oral administration 
of carbenoxolone in corn syrup at 46 mg/kg twice daily for 10 days, then 
90 TOO* tjice daily for the next 4 days, while receiving an icv infusion 
either RU 28318 at 1.1 ng/h or vehicle, in intact rats drinking tap 
water ad libitum. 

produced by icv carbenoxolone or the effect of icv corti- 
costerone. At dory 11 of the sensitization study there was 
a 41 and 39% difference in blood pressure between the 
controls and the icv carbenoxolone and icv carbenoxolone 
plus corticosterone, respectively, compared with 41 and 
31% increases for the nonsensitized rats. 

The blood pressure of intact rats drinking water and 
receiving- oral carbehoxolone at 45 mg/kg twice daily in- 
creased significantly within 6 days from 105 mmHg to a 
plateau of 127 mmHg (Fig. 3). Doubling the dose to 90 
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mg/kg twice daily did not further increase the blood pres- 
sure. The icv infusion of 1.1 ng/h RU 28318 completely 
prevented the increase in blood pressure. We have shown 
in multiple studies, including those described below using 
glycyrrhkic acid instead of carbenoxolone, that the sc 
infusion of 1.1 >tg/h RU 28318 is too low to affect the 
blood pressure. We have also reported that the icv infu- 
sion of the antagonist at three times this dose has no 
effect on the blood pressure of normal animals (14). The 
blood pressure in the animals receiving the icv control 
solution returned to normal within 3 days of discontinu- 
ing the oral administration of carbenoxolone. Orally 
administered carbenoxolone doubled the urine volume; 
this increase in urine volume was not prevented by the 
icv administration of the mineralocorticoid antagonist, 
which abolished the hypertension (Fig. 4). There was no 
difference in weight gain between groups. 

The oral administration of glycyrrhizic acid at 35 
mg/kg twice daily also significantly increased the blood 
pressure of intact rats drinking tap water. The icv infu- 
sion of 1.1 >ig/h RU 2831JB prevented the rise in blood 
pressure (Fig. 5). There was no difference in weight gain 
between groups, 

DISCUSSION 

The importance of the CNS in the development of 
mineralocorticoid hypertension has been well docu- 
mented (5, 13). MR are found in the hippocampus, 
amygdala, lateral septum, and hypothalamus, particularly 
in the periventricular regions, areas known to be or sus- 
pected of being important in the regulation of adrenocor- 
ticotropic hormone (ACTH) release, arousal, fluid and 
fluid osmolality equilibrium, and the maintenance of nor- 
mal blood pressure. The chronic icv infusion of aldoster- 
one at a dose two orders of magnitude less than that 
necessary to produce hypertension when infused sc has 
been reported to produce hypertension in rats and dogs 
(21). The icv infusion of the mineralocorticoid antagonist 
RU 28318, at doses that have no effect on the blood 
pressure when given icv alone and that are ineffective as 
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day 5/6 

Pig. 4. Effect on 24-h urine volume of oral administration of carbenox- 
olone in corn syrup at 45 mg/kg twice daily for 10 days, then 90 mg/kg 
twice daily for the next 4 days, while receiving an icv infusion of either 
RU 28318 at 1.1 ng/h or vehicle, in intact rats drinking tap water ad 
Kbitum. 
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Fig, 5. Effect on indirect systolic blood pressure of oral administration 
of glycyiThizic acid (Gl) in corn syrup at 35 me/kg twice daily, while 
receiving an icv ihruaion of either RU 28318 at 1.1 ng/h or vehicle, at 
day 13 in intact rate drinking tap water ad libitum. 

an antagonist when administered sc, blocks the hyper- 
tension of both the icv and systemic administration of 
aldosterone and the sc infusion of deoxycorticosterone 
acetate. The systemic, but not icv, aldosterone hyperten- 
sion is associated with a chronically increased urine vol- 
ume indicative of saline polydypsia/polyuria. The icv in- 
fusion of the antagonist prevents the rise in pressure 
produced by the systemic administration of aldosterone 
without preventing the associated polydypsia/polyuria 
(13, 14). These findings suggest distinct mineralocorti- 
coid effects in the brain and kidney. 

In tHi studies reported herein, the icv, but not sc, in- 
fusion Of 3 Mg/h carbenoxolone produced hypertension, 
implying that the site of action is in the brain. The hy- 
pertension produced by the oral and icv administration of 
carbenoxolone or glycyrrhizic acid resembles that of 
chronic systemic and icv aldosterone infusion in the am- 
plitude of the increase in blood pressure and the effec- 
tiveness of mineralocorticoid receptor blockade by icv RU 
28318 (13, 14). In addition, as with aldosterone, an 
increase in urine volume occurred only with the sys- 
temic, and not icv, administration of hypertensinogenic 
amounts of both licorice compounds. Blocking the hyper- 
tension of animals receiving oral carbenoxolone with the 
icv infusion of RU 28318 at doses too low to be effective 
when infused sc did not reduce their increase in urine 
volume. Classically mineralocorticoid-salt hypertension 
is associated With an initial retention of sodium and wa- 
ter followed by an "escape" from further retention and the 
establishment of a new equilibrium at a higher overall 
fluid Volume. Polydypsia/polyuria may persist after 
reaching a balance with no additional net gain in water 
(13). Assuming that the carbenoxolone when given orally 
is causing a mineralocorticoid excess syndrome as far as 
the kidneys are concerned, one would expect initial so- 
dium and water retention, followed by escape. The rats in 
these studies apparently were placed in metabolism cages 
after the water retention phase, assuming it occurred, 
after an e<juilibrium had been reached, because their 
urine output was consistently greater, not less, than that 
of controls. Weight gains were "real," not water gains, as 
evidenced by the fact that the weights of the oral car- 
benoxolone rats did not fall after the drug was withdrawn. 

There was a consistent difference in the time of onset 
of the hypertension. lev aldosterone hypertension takes 



from 7 to 11 days to become significant (13), while icv 
carbenoxolone hypertension was evident in 3-6 days. 
Considering the relatively long delay of onset, that of days 
rather than minutes or hours, it seems unlikely that this 
difference is due to a more rapid passage of the licorice 
compounds across the blood-brain barrier, it probably 
reflects a more basic difference in the mechanism of ac- 
• tion. Removing one kidney and giving saline to drink did 
not exacerbate the hypertension produced by icv car- 
benoxolone. This was surprising because the classical way 
to amplify mineralocorticoid hypertension is to reduce 
renal mass and increase sodium consumption and because 
in the model of central mineralocorticoid hypertension, 
equihypertensinogenic doses of icv aldosterone in non- 
sensitized rats were nine times that of sensitized rata 
(13). 

Glycyrrhizic acid and carbenoxolone are not thought to 
act as agonists at the receptor level because their affinity 
for the MR is negligible (2). They are presumed to work 
by inhibiting 110-HSD, thereby removing the protection 
of the MR from corticosterone and allowing it to act as a 
mineralocorticoid (12). However, if 110-HSD were active 
in the brain, and if it were inhibited by carbenoxolone, 
previous studies from our laboratory suggest that the re- 
sulting accumulation of corticosterone would not be ex- 
pected to increase blood pressure. An additional differ- 
ence between the icv aldosterone and icv carbenoxolone 
models is that the icv infusion of corticosterone, at a dose 
that would have been expected from our previous work to 
antagonize the icv aldosterone model, had no effect on the 
blood pressure of rats receiving icv carbenoxolone. It is 
assumed that the inhibitory action of icv corticosterone 
on icv aldosterone hypertension is mediated by the MR 
because RU 26988, a selective GR agonist, had no effect 
when infused alone or in combination with aldosterone 
(15). 

While most reported studies indicate that carbenox- 
olone does not affect the mineralocorticoid activity of 
aldosterone (25), others suggest that it enhances the so- 
dium retention produced by aldosterone and 11-deory- 
corticosterone (23). Glycyrrhetinic acid has been found to 
inhibit the hepatic 50-reductase and 30-HSD but not the 
5of-reductase or 3a-HSD. Another proposed mechanism 
for the enhancement of mineralocorticoid activity by 
licorice derivatives is the accumulation of aldoster- 
one, deoxycorticosterone, and 11 -deoxycorticosterone 
and their biologically active 5a-dehydro derivatives due 
to the inhibition of the 5/9-reductase and 30-HSD en- 
zymes, as well as of glucocorticoids due to 110-HSD in- 
hibition (17). 

Patients with apparent mineralocorticoid excess ap- 
pear to be deficient in 110-dehydrogenase but not 11- 
oxoreductase enzyme activity (30). While it has been as- 
sumed that 110-HSD is an enzyme complex consisting of 
an 11/J-dehydrogenase and a distinct 11 -oxoreductase (9, 
22, 30), a rat cDNA has been cloned and expressed as a 
single enzyme that interconverts cortisol/corticosterone 
to cortisone/1 1-dehydrocorticosterone (1). It has been re- 
ported that glycyrrhizic acid and carbenoxolone are not 
identical in their clinical activities and that glycyrrhizic 
acid inhibits the conversion of cortisol/corticosterone 
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to cortisone/1 1-dehydrocorticosterone unidirectionally, 
while carbenoxolone inhibits both the dehydrogenase and 
reductase directions (29). In our studies, the activity of 
glycyrrhiiic acid and carbenoxolone were similar. 

There is evidence for yet another mechanism of action 
of carbenoxolone. The MR is either missing or defective 
in patients with pseudohypoaldosteronism. Funder (10) 
has reported that the administration ,of carbenoxolone 
with a selective GR agonist in patients with pseudohy- 
poaldosteronism and in adrenalectomized rats alters the 
function of the glucocorticoid, causing it to produce the 
same renal effects, Na + retention and K + excretion, as a 
mineralocorticoid would/ presumably by causing GR- 
ligand complexes to act as activated MR. The animals in 
our experiments had intact adrenals; in fact, the miner- 
alocorticoid effects of licorice depend on intact adrenal 
glands or replacement corticosteroids (9). Normally, most 
of the MR and many of the GR of the brain, depending on 
the area, are tonically bound by corticosterone, even in 
the unstressed rat (7, 26). While the concomitant icv 
infusion of corticosterone blocks icv aldosterone hyper- 
tesion, the icv infusion of a selective glucocorticoid, pre- 
sumably to the GR only, does not antagonize icv aldos- 
terone hypertension. If there are two classes of MR in the 
brain, as has been postulated by De Kloet (7), carbenox- 
olone and glycyrrhizic acid may be altering the a corti- 
wsterone-pwferring^ MR to functionally "aldosterone- 
preferrinjg" MR. If carbenoxolone were producing hyper- 
tension by "recruiting" GR and/or corticosterone-prefer- 
ring MR bound to endogenous corticosterone to the pool 
of functionally activated MR, not only might the same 
cellular response be elicited as by activated MR in a min- 
eralocor>icoid-sensitivef' central blood pressure control 
area, but, more important, it might also remove the re- 
ceptors that mediate the inhibition of icv aldosterone 
hypertension. This might explain why icv corticosterone, 
when given with carbenoxolone, neither increased the 
blood pressure; because the receptors were already sur- 
feited, nor decreased it, because they were being diverted 
from their usual role of buffering the hypertensinogenic 
effect of aldosterone. The more rapid induction of hyper- 
tension by licorice compounds compared with aldoster- 
one may be due more to the removal of local inhibitory 
effects than to the recruitment of more functional MR. 
rne yin-yang relationship of the two classes of corticos- 
teroids has been described elsewhere, including in the 
brain (7). 

These data provide additional evidence for a central 
fole in blood pressure control by mineralocorticoids that 
is distinct from their renal effects and that involves a 
complex bomeostatic relationship between the two 
classes of corticosteroids in their central effects on blood 
Pressure. They suggest that our understanding of func- 
tional specificity of the corticosteroid receptor-ligand: 
complexi particularly in the brain, is incomplete. Finally, 
tnese studies indicate that more is involved in licorice- 
educed hypertension than the inhibition of 1I0-HSD. 

The expert technical help of Chris Fort is gratefully acknowledged. 

i nese studies were supported by Medical Research Funds from the 
j*j*rta»nt of Veterans Affairs and a by National Heart, Lung, and 
*iood Institute Grant HL-27737. 

Address for reprint requests: E. P. Gomei-Sanche*. Research Service 



E1129 

(151R), James A. Haley Veterans Hospital, 13000 Bruce B, Downs 
Blvd. Tampa, FL 33612, 

Received 24 February 1992; accepted in final form 24 July 1992. 
REFERENCES 

1. Agarwal, A. K„ C. Monder, B. Eckstein, and P. C. White. 
Cloning and expression of rat cDNA encoding corticosteroid 1 1 
/^dehydrogenase. J. Biol Chem. 264: 18939-18943, 1989. 

2. Armanini, D.» I, Karbowiak, and J. W. Fonder. Affinity of 
liquorice derivatives for mineralocorticoid and glucocorticoid re- 
ceptors. Clin. Endocrinol. 19: 609-612, 1983. 

3. Arriza, J. L., R. B. Simerly, L. W. Swanson, and R. M. 
Evans. The neuronal mineralocorticoid receptor as a mediator of 
glucocorticoid response. Neuron 1: 887-900, 1988. 

4. Beaumont, K», and D. D. Fanestil. Characterization of rat 
brain aldosterone receptors reveals high affinity for corticoster- 
one. Endocrinology 113: 2043-2051, 1983. 

5. Bohr, D. P. What makes the pressure go up? A hypothesis. 
Hypertension Dallas 3, SuppL II: IM60-IM65, 1981. 

6. Castello, R., R. Schwarting, C. Muller, K. Hierholzer, and 
I. Lichtanstein. Immunohistochemical localization of 11-hy- 
droxysteroid dehydrogenase in rat kidney with a monoclonal an- 
tibody. Renal Physiol Biochem. 12: 320-327, 1989. 

7. De Kloet, R. E. Brain corticosteroid receptor balance and ho- 
meostatic control Front Neuroendocrinal 12: 95-164, 1991. 

8. Doyle, D., R. Smith, S. Krozowski, and J. W. Funder. 
Mineralocorticoid specificity of renal type I receptors: binding and 
metabolism of corticosterone. J. Steroid Biochem. 33: 165-170 
1989. 

9. Edwards, C. R. W., and P. M. Stewart. The cortisol-cortisone 
shuttle and the apparent specificity of glucocorticoid and miner- 
alocorticoid receptors. J. Steroid Biochem. Mol Biol. 39: 859-865. 
1991. 

10. Funder, J. W. How can aldosterone act as a mineralocorticoid? 
Endocrinol Res. 15: 227-238, 1989. 

11. Funder, J. W„ P. T. Pearce, K. Myles, and L. P. Roy. 
Apparent mineralocorticoid excess, pseudohypoaldosteronism, 
and urinary electrolyte excretion: toward a redefinition of miner- 
alocorticoid action. FASEB J. 4: 3234-3238, 1990. 

12. Funder, J. W., P. T. Pearce, R. Smith, and A. I. Smith. 
Mineralocorticoid action: target tissue specificity is enzyme, not 
receptor, mediated. Science Wash, DC 242: 583-585, 1988. 

13. Gomez-Sanchez, E. P. What is the role of the central nervous 
system in mineralocorticoid hypertension? Am. J. Hypertens 4- 
374-381, 1991. 

14. Gomez-Sanchez, E. P., C. M. Fort, and C. E. Gomez* 
Sanchez. Intracerebroventricular infusions of RU 28318 blocks 
aldosterone-salt hypertension. Am. J. Physiol 258 (Endocrinol 
Metab. 21): E482-E484, 1990. 

15. Gomez-Sanchez, E. P., M. T. Venkataraman, and D. 
Thwaites. lev infusion of corticosterone antagonizes icv-aldos- 
terone hypertension. Am, J. Physiol 258 (Endocrinol Metab. 21): 
E649-E653, 1990. 

16. Krozowski, Z. S., and J. W. Funder. Renal mineralocorticoid 
receptors and hippocampal corticosterone binding species have 
identical intrinsic steroid specificity. Proc. Natl Acad. ScL USA 
80: 6056-6050, 1983. 

17. Latif, S. A., T. J. Conca, and D. J, Morris. The effects of the 
licorice derivative, glycyrrhetinic acid, on hepatic 3a- and 30- 
hydroxysteroid dehydrogenases and 5a- and 50«reductase path- 
ways of metabolism of aldosterone in male rats. Steroids 55: 52-58 
1990. 

18. McEwen, B. S., L. T. Lambdin, T. C. Rainbow, and A. F. 
De Nicola. Aldosterone effects on salt appetite in adrenalecto- 
mized rats. Neuroendocrinology 43: 38-43, 1986. 

19. Moisan, M. P, J. R. Seckl, and C. R. W. Edwards. 110- 
Hydroxysteroid dehydrogenase bioactivity and messenger RNA 
expression in rat forebrain: localization in hypothalamus, hippo- 
campus, and cortex. Endocrinology 127: 1450-1455, 1990.' 

20. Monder, C„ and V. Laksnmi. Evidence for kineticaBy distinct 
forms of corticosteroid 1 10-debydrogenase in rat liver mi- 
crosomes. J. Steroid Biochem. 32: 77-83, 1989 

21. Monder, C, and V. Lakshmi. Corticosteroid 110-dehydW- 
nase of rat tissues: immunological studies. Endocrinology 126: 



EU30 



HYPERTL^ION, CARBENOXOLONE, AND GLYCYRRHIZIk^m 



2435-2443,1990. 

22. Monder, C. f P. M. Stewart, V. Lakshmi, R. Valentino, D. 
Bart, end C, R, W. Edwards. Licorice inhibits corticosteroid 
ll£-dehydxx>genase of rat kidney and liven in vivo and in vitro 
studies: Endocrinology 89: 1046-1252, 1989. 

23. Morris, IX J., and G. W. Souness. The 110-OHSD inhibitor, 
caxbenoxolone, enhances Na retention by aldosterone and 11- 
deoxycbrticosterone. Am J. Physiol 258 (Renal Fluid Electrolyte 
Physiol 27): P756-P759, 1990; 

24. Naray-Fejes-Toth, A., C. O. Watlington, and G. Fejes- 
Toth. ll/S-Hydroxysteroid dehydrogenase activity in the renal 
target cells of aldosterone. Endocrinology 129: 17*21, 1991. 

25. Porter, G. A., C. Rhodes, and P. Sacra. Comparative studies 
on the mine ralo-corticoid action of aldosterone and carbenoxolone 
sodium in the adrenalectbmked rat. Pharmacology 12: 224-229, 
.1974/ 

26. Real, J. M. H.M., F, R. Van Den Bosch, and E. R. De Kloet. 
Relative occupation of type-I and type-II corticosteroid receptors 
in rat brain following stress and dexamethasone treatment: func- 
tional implications. J. Endocrinol 115: 459-467, 1987. 

27. Seckl, J. R„ P. A. T. Kelly, and J. Sharkey. Glycyrrhetinic 



. acid, an inhibitor of 1 10-hydroxy steroid dehydrogenase, alters lo- 
cal cerebral glucose utilization in vivo. J. Steroid Biochem Mol 
Biol 39: 777-779, .1991. 

28. Stewart, P. M., J. E. T. Corrie, C. H. L. Shackleton, and C; 
R. W. Edwards. Syndome of apparent mineralocorticoid excess. 
J. Clin* Invest 82: 340-349, 1988. 

29. Stewart, P. M., A. M. Wallace, S. M. Atherdon, C. H. 
Shearing, and C. R. Edwards. Mineralocorticoid activity of . 
carbonoxolone: contrasting effects of carbenoxolone and liquorice 
on 11^-hydroxyBteroid dehydrogenase activity in man. Clin. ScL 
Load. 78: 49-54, 1990. . 

30. Ulick, S., L. S. Levine, and P. Gunczler. A syndrome of 
apparent, mineralocorticoid excess associated with defects in the x 
peripheral metabolism of cortisoL J. Clin. Endocrinol Metab. 49: 
757-64, 1979, 

31. Ulick, S., R. Tedde, and F. Mantero. Pathogenesis of the type 
2 variant of the syndrome of apparent mineralocorticoid excess. J. 
Clin. Endocrinol Metab. 70: 200-206, 1990. 

32. W range, O., and Z.-Y. Yu. Mineralocorticoid receptor in rat 
kidney and hippocampus: characterization and quantitation by 
isoelectric focusing. Endocrinology 113: 243-250, 1983. 



FROM BIOMEDICAL INFORMATION SERVICE 



nut;; i. lb' ui n :^vsiv n :iu/nv. ^d^u^dou r o 



RAH AM 

ilagonists 



KJCHJ, 

I 

In rats 

D, . 

ilament 
,fthe 



ivengmg 
rid in an 



/ and 



action 
ts and 



gonist 
n rats 



i and 
ats 



;als. 
ant 



id 
4 




FROM B 



IOMEDICAL 1 N KOKMAT 1 ON aKhVlCf 



hacin 
>-804 
mgof 
uede- 

using 
buta- 

tules 

ving, 
imin: 
with 
767- 

Lipid 

axine 
Biol. 

ation 
MoL 

:riza- 
Mol. 

avec . 
(cds) 

166 
1981) 
of a 
-198 



J.Phann. Pharmacol. 1994,46: 305-309 
Received August 27, 1993 
Accepted November 15, 1993 



Q 1994 J, Pharm. Pharmacol. 



A Novel 11/^Hydroxysteroid Dehydrogenase Inhibitor 
Contained in Saiboku-To, a Herbal Remedy for 
Steroid-dependent Bronchial Asthma 

M ASA TO HOMMA, K1TARO OKA, TOMOYUK1 N11TSUMA* AND HlSAO ITOH* 

Department of Clinical Pharmacology. Tokyo College of Pharmacy, Horinouchi, Hachidji. Tokyo 192-03. Japan. 
and 9 Third Internal Medicine. Tokyo Medical College Hospital. Shinjukwku, Tokyo 160. Japan 

Abstract — To identify the inhibitor of prednisolone metabolism contained in Saiboku-To, we conducted in- 
vitro experiments of n0-hydroxysteroid dehydrogenase (U0-HSD), using rat liver homogenate and 
Cortisol as a typical substrate. We studied the effects of ten herbal constituents on 1 10-HSD. Five herbal 
extracts showed inhibitory activity with Glycyrrhiza glabra > Perilloe frvtescens> Zizyphus vulgaris 
> Magnolia officinalis > Scutellaria baicalensis. This suggests that unknown 110-HSD inhibitors are 
contained in tour herbs other than G. glabra which contains a known inhibitor, glycyrrhizin (and 
gtycyrrhetinic acid). Seven chemical constituents which have been identified aslhe major urinary products 
of Saiboku-To in healthy and asthmatic subjects were studied; magnolol derived from M . officinalis showed 
the most potent inhibition of the enzyme (IC50, 1-8 x 10" 4 m). Although this activity was less than that of 
gtycynhizm, the inhibition mechanism (non-competitive) was different from a known competitive 
mechanism. These results suggest that magnolol might contribute to the inhibitory effects of Saiboku-To on 
prednisolone metabolism through inhibition of 1 10-HSD, 



Saiboku-To is the most popular anti-asthmatic Chinese 
herbal medicine (Kampo medicine in Japan) and has been 
used for corticosteroid-dependent asthma to obtain a ster- 
oid-sparing effect in prednisolone therapy (Nagano et al 
1988). On the basis of animal experiments, the mechanism of 
action of Saiboku-To has been attributed to hormonal 
stimulation of the adrenal cortex (Hiai et al 1981; Shimizu et 
al 1984) and synergistic adjuvant effects on autacoid secre- 
tions (Toda et al 1988) or allergic reactions (type I and IV) 
(Nishiyori el al 1983, 1985). 

Recently, we proposed another mechanism which involves 
suppression of the systemic elimination of prednisolone 
(Taniguchi et al 1992). This pharmacokinetic effect seemed 
to result from 11/J-hydroxysteroid dehydrogenase (110- 
HSD) metabolic enzyme inhibition, because plasma predni- 
solone/prednisone ratios following Saiboku-To administra- 
tion increased significantly (Taniguchi et al 1992). Since 
other Kampo-preparations containing Glycyrrhiza glabra 
did not show an effect on prednisolone pharmacokinetics 
(unpublished data), the effect of Saiboku-To could not be 
explained by known enzyme inhibitors such as glycynhizin 
and its agtycone glycyrrhctinic acid, which are contained in 
G. glabra. These observations suggested that Saiboku-To 
must contain as yet uncharacterized 1 10-HSD inhibitors. 

In the present study, we carried out in-vitro experiments of 
U/?-HSD inhibition using Cortisol and rat liver homogenate. 

Materials and Methods 

Materials 

Saiboku-To (TJ-96, Tsumura Co., Tokyo, Japan) consists or 
fine brownish granules containing ten different herbal 
extracts (Table I). Original herbs used for the assay were 

. Correspondence: M. Homma, Department of Clinical Pharma- 
cology, Tokyo College of Pharmacy, Horinouchi, Hachioji, Tokyo 
192-03, Japan. 



purchased from Uchida Wakanyaku Co. (Tokyo, Japan). 
The extracts of Saiboku-To and of original herbs were 
prepared as follows. One gram Saiboku-To or the crushed 
herb in 15 ml 35% ethanoi was gently refluxed for 1 h on a 
steam bath. After cooling to room temperature, water was 
added to make a total volume of 10 mL before centrifugation 
at 1 600 g for 1 0 min. The resulting supernatant was used for 
the assay. 

Glycyrrhizin, glycyrrhctinic acid, wogonin, and baicalein 
were purchased from Wako Pure Chemicals (Osaka, Japan). 
Magnofol and honokiol were donated by Professor Y. 
Sashida of Tokyo College of Pharmacy (Fujita et al 1973). 
Medicarpin and oroxylin A were kindly contributed by 
Professor T. Nomura of Tobo University School of 
Pharmacy (Tokyo, Japan) and Tsumura Co., respectively. 
8,9-DihydroxydihydromagnoIol was prepared by us from 
magnolol by osmic acid oxidation (Homma et al 1992). 
Liquiritigenin . was isolated from G. glabra according to 
Shibata & Saitoh (1978). Chemical structures of these 
compounds are given in Fig. 1. Cortisol and cortisone were 
purchased from Sigma Chemical Co. (St Louis. MO, USA). 
Other organic and inorganic reagents were of analytical 
grade. 

Rat liver homogenates were prepared in the usual manner: 
fresh liver was isolated from a male Wistar rat (freely fed, 
body weight 250 g) and was cut into small pieces. The pieces 
were homogenized in 10 vol 0-25 m sucrose in a glass 
homogenize* with a Teflon piston. The homogenates were 
frozen at -80°C and stored until incubation. 

Instruments 

Our HPLC system for determination of glucocorticoids in 
incubation mixtures consisted of a solvent delivery pump 
(VIP-I, Jasco, Tokyo), a UV-detector (Uvidec-lOO-UI, 
Jasco), a single pen recorder (Pantos U-228, Nippon Denshi, 
Tokyo), a sample injector with a loop volume of 100 uh 
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Table I. Herbal composition of Saiboku-To. 



Constituent herb Family 

Bupleurum falcatum L. UmbeHiferae 

Plnellte ternata Be ten bach Araceae 

Porte cocos Wolf. Polyporaceae 

Scutellaria bakalensis Gcorgi Labiatae 

Zizyphus vulgaris Lam. Rhamnaceae 

Panax ginseng C. A. Meyer Araliaceae 

Magnolia officinalis Magnoliaccae 

Glycyrrhiia glabra L. Lezumisosae 
Perillae frulescens Britton var. acuta Kudo Labiatae 

Zingiber officinale Roscoe Zmgiberace&c 



Composition (%, w/w) 
20*6 
14-7 
14<7 

§•8 

8-8. 

8-8 

8*8 

5-9 

5-9 

30 



Ethanol 
into the 
syringe, 
in the i 
The rec 
mixture 
less thai 
control 
of the t* 



(Model 7125, Rheodyne, CA, USA), and a silica gel column 
(LiChrosorb Si-60, 5 /aiu i-d. 4 mm x 250 mm, Merck, 
Darmstadt, Germany). The mobile phase was a mixture of 
watcr/mcuanol/dichloromethane/n-hexane (0- 1 ffrQ/WQf 
61 9 v/v) with a flow rate of 1-5 mL min" 1 . Detector 
sensitivity was set at 0005-0-OI aufs at 245 nm. We used a 
disposable syringe minicolumn (Extrashot, Kusano Sci. Co., 
Tokyo) to perform sample injections (Homma et al 1989; 
Kouno ct al 1990). 

Determination of Ufl-HSD inhibition activity 
We measured 1 10-HSD activity in rat liver homogenate 
incubation mixtures, detecting chemical transformation of 
Cortisol to cortisone in the presence of 1 10-HSD inhibitors. 
Oxidation at the Oil position of the steroid nucleus was 
kinetically characterized by measuring the conversion rate of 
Cortisol to cortisone in the presence of NADP+ in rat liver 
homogenate according to the procedure of Monder et al 
(1989) with minor modification. The incubation mixtures 



Magnolia officinalis 



consisted of 620 f*L 0* 1 M Tris-HCl buffer (pH 8-5) containing 
0 014% Triton-X, 50 fiL 5 dim NADP\ 100 rat liver 
homogenate, and 200 fit aqueous solution for Saiboku-To 
and original herbal extracts or 200 aL buffer solution for 
each chemical such as the known inhibitors (glycyrrhizin and 
glycyrrhetinic acid) and our candidates isolated from urine 
of subjects receiving the preparation. These chemicals were 
dissolved in a buffer solution directly or after pre-solubiliza* 
tion in a small amount of ethanol with a final concentration 
in incubation mixtures of less than . 2%. After 10 min pre- 
incubation at 37°C, 200 pL 0*3 mM Cortisol was added and 
the resulting mixtures were further incubated for 1 0 min. The 
enzyme reaction was terminated by an addition of 100 uL 5% 
sulphuric acid, Cortisol and cortisone in the mixtures were 
determined by HPLC using Extrashot as described in our 
previous pdpers (Homma et al 1989; Kouno et al 1990). 
Briefly, 5 incubation mixture and 2 sodium hydroxide 
solution were loaded onto Extrashot which was then 
attached to the sample-loading injector of the HPLC system. 
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Ethanot/dichloromcthanc (2/98 v/v, 130 /iL) was injected 
into the system through Extrashot using a tuberculin glass 
syringe. Thus, extraction and injection of the glucocorticoids 
in the incubation mixtures were achieved simultaneously. 
The recovery rates of glucocorticoids from the incubation 
mixture were more than 95% with coefficient of variations 
less than 5%. Direct peak-height calibration Of the test and 
control mixtures afforded inhibitory activity (% inhibition) 
of the test materials against 1 1 /J-HSD. 



Effects of herbal extracts 

Effects of original herbal extracts on conversion of Cortisol to 
cortisone by rat liver homogenate were compared with that 
of Saiboku-To (Table 2). Cortisone production in the 
reaction mixture was significantly inhibited by Saiboku-To 
and five original herbal extracts (? < 0 05), The magnitude of 
the inhibition (% inhibition) was in the order Saiboku-To 
(87-5%) >G. glabra (80-8%) >P. frutescens (30-9%) >Z. 
vulgaris (27 6%)>M. officinalis (19 8%)>5. baicalensis 
(!9'1%). 

Effects of urinary metabolites of Saiboku-To 

Seven candidates (Fig. 1) were tested with respect to the 



Table 2. Effects of Saiboku-To and its constituent 
herbal extracts on ll/Miydroxysteroid dehydrogenase 
in rat liver homogenate. 







% activity of 




% inhibition* 


Saiboku-To 


Saiboku-To 


87-5±3-4*« 


1000 


B.falcatum 


7-7±5-7 


8-8 


P. ternata 


5-8±4-2 


6-6 


P. coeds 






S. balcaknsis 


I9-1±1!*5« 


21-8 


Z, vulgaris 


27-6±4-0*« 


31-5 


P. ginseng 


10-9 ±6-9 


12-5 


M. offic inalis 


19-8±3-7" 


22-6 


G. glabra 


80-8±!'0° o 


92-3 


P. frutescens 


30-9*9-6** 


353 


2. officinale . 


12-8±8-7 


14-6 



8 Data are presented as mcan±s.d. of triplicate 
experiments. °P<0-05, oo J><0-01 compared with con- 
trol. 



Table 3. Inhibition of U0~faydroxysteroid dehydrogenase by uri- 
nary metabolites of Saiboku-To and known inhibitors. 



Inhibition (%) 



Inhibitor 

Urinary metabolites of Saiboku-To 
Magnolol 

Dibydroxydihydromagnolol 

Wogonin 

Baicalein 

OroxylinA 

Ltquintigenfo 

Medicarpin 

Known inhibitors 
Clycyrrhizin 
GlycyrThetinic add 



10 /M 


ioo m 


15 1 ±4-4 


43-9±3 0 




7*4 ±0-8 


6-8 ±1*6 


14-8 ±1-6 




5-1 ±5-5 




I2-2±3-3 


811 ±5-4 


97-3 ±1-1 



Ul 



0 3 6 9 



0 3 6 9 



0 3 6 9 



Tlma(min) 

FtO. 2. Chromatographic comparison of the effect of magnolol (100 
uh) on transformation of Cortisol (peak 1) to cortisone (peak 2) by 
I 10-hydroxysteroid dehydrogenase. A. Before incubation with 
magnolol; B. after incubation without magnolol; C after incubation 
with magnolol. 




100-0 



7 6 5 
-Log concn (M) 

Fta. 3. Dosc-dependcnt inhibitory effects of magnolol (o), honokiol 
(OX dycyrrhizin (a), and glycyrrbetinic add (a) on Il0-hydroxy- 
steroid dehydrogenase. Data are presented as mean±s.d. of tripli- 
cate experiments. 



effects on rat liver 1 l/J-HSD at concentrations of 10 and 100 
/^t. The results were compared with those of the known 
inhibitors, glycyrrhian and glycyrrhetinic acid (Table 3). 
Five of seven candidates showed inhibitory activity at 100 
pM, although their activities were weaker than those of the 

known inhibitors. Dihydroxydihydromagnolol in W. offici- 
nalis and liquiritigenin in G. glabra did not show any activity 
at the test concentrations. Wogonin, baicalein, and oroxylin 
A (navonoids derived from 5. baicalensis), and medicarpin (a 
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Fig. 4. Uneweaver-Burk double reciprocal plots of initial enzyme . 
velocity and concentration of Cortisol in the presence of magnolol at 
concentrations of 0 (O), 0-1 (O), 015 (a), and 0-2 (a) mM. 



homoisoflavonoid in G. glabra) showed weak activity. 
However, considerable inhibition was observed with mag- 
nolol, a neolignan derived from M* officinalis. A typical 
chromatogram for determination of the inhibitory activity of 
magnolol is shown in Fig. 2, where the chemical transforma- 
tion from Cortisol to cortisone was clearly suppressed. The 
dose-dependent inhibitory effect of magnolol is compared 
with those of glycyrrhizio and glycyrrbetinic acid in Fig. 3. 
the IC50 values of magnolol, glycyrrhizin, and glycyrrheti- 
nic add were 1-8x10-*, 2-6x10**, and 9-0 x 10"' M, 
respectively. Since M, officinalis contains another congener 
of magnolol, honokiol (not a urinary metabolite), we also 
examined the effect of honokiol on 1 ijS-HSD and found a 
dose-tfejpendent inhibitory effect with IC50 of 7 0 x 10" 5 m 
(Fig.3). 

Mechanism of magnolol in llfl-HSD inhibition 
Fig. 4 shows the inhibitory effects of magnolol on rat liver 
Ilj3-HSD, The data were plotted according to the Line- 
weaver-Burk linear transformation of the Michaelis- 
Menten equation. The double reciprocal plots on Fig. 4 
suggested magnolol has a unique non-competitive inhibitory 
mechanism. We were, unable, to estimate an inhibition 
constant (Kj) of magnolol by the Dixon plot because of this 
noncompetitive inhibition. 

Discussion 

This paper suggests the presence of several novel inhibitors 
of 1 10-HSD in five constituent herbs. G. glabra, P.frutes- 
cens, Z. vulgaris, M. officinalis and S, baicalensis. Although 
these inhibitors seem to contribute to in-vitro activity of 
Saiboku-To, their contributions to prednisolone metabolism 
during .clinical Saiboku-To treatment has been unclear. 
However, we emphasize the importance of this possibility, 
since our biologically active compounds in herbal medicine 
are found in biofluids following administration (Homma et 
al 1992, 1993a). 

In our previous study, we found seven phenolic com- 
pounds in urine after oral administration of Saiboku-To 
(Homma et al 1992, 1993a, b). These compounds seemed to 
be possible candidates which explain in-vivo effects of 
Saiboku-To. Five of these compounds showed inhibitory 



activity against 110-HSD in-vitro (Table 3). The intensities 
of those activities were almost equal to those of the 
corresponding herbal extracts, except that C. glabra, con- 
taining glycyrrhizin, concealed the effects of Hquiritigenin 
and medicarpin. Magnolol exhibited activity at concentra- 
tions higher than 1 x 10~ 5 M(Fig. 3). Similar activity was also 
observed in honokiol, a hydroxylated derivative of magnolol 
isolated from officinalis but not found as a urinary 
metabolite of Saiboku-To. 

The novel 1 10-HSD inhibitors found in this study belong 
to a class of phenolic compounds, lignans and flavonoids, 
whose chemical structures are completely different from 
those of the previously described inhibitors. Unexpectedly, 
the inhibition mechanism of magnolol seems to be different 
from those of the known inhibitors, the latter exhibiting 
competitive inhibition (Monder et al 1989). Although 11/?- 
HSD inhibitors have been considered so far to belong to a 
limited class of liquorice triterpenoids. the present results 
suggested that the naturally occurring lignans and flavonoids 
also possess inhibitory activity through a different mechan- 
ism. 

Urinary non-conjugated magnolol in responders to Sai- 
boku-To is signiScantly higher than that in the non- 
responders (Homma et al 1993a, b). This suggests that 
magnolol is an important chemical constituent for the 
clinical effects of Saiboku-To, playing an important role for 
alteration of prednisolone pharmacokinetics. 

The inhibitory effects of liquorice glycosides on 1 10-HSD 
arc so marked in animal experiments in-vivo and in-vitro 
(Monder et al 1989; Mackenzie et al 1990), that Saiboku-To 
could inhibit 1 1 0-HSD even though the glycyrrhizin content 
is relatively small. However, the effect of Saiboku-To cannot 
be explained by glycyrrhizin alone, because another Kampo 
preparation, Sho-Saiko-To which contains G. glabra but not 
P. cocos> M. officinalis or P. f rut esc ens, did not affect 
prednisolone pharmacokinetics in healthy subjects (unpub- 
lished data). Animal experiments using pure compounds will 
be needed to clarify the role of lignans and flavonoids on 
prednisolone metabolism. 
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PHARMACODYNAMICS AND 
DRUG ACTION 

Grapefruit juice and its flavonoids inhibit 
1 1 p-hydroxysteroid dehydrogenase 

Introduction: The enzyme llp-hydroxysteroid dehydrogenase (110-OHSD) oxidizes Cortisol to inactive 
cortisone. Its congenital absence or inhibition by licorice Increases Cortisol levels at the mineral ocorticoid 
receptor, causing mineral ocorticoid effects. We tested the hypothesis that flavonoids found in grapefruit 
juice inhibit this enzyme in vitro and that grapefruit juice itself inhibits it in vivo. 
Methods: Microsomes from guinea pig kidney cortex were incubated with Cortisol and nicotinamide 
adenine dinucleotide (r?AX>) or nicotinamide adenine dinudeotide phosphate (NADP) and different 
flavonoids and the oxidation to cortisone measured with use of HPLC analysis. In addition, healthy 
human volunteers drank grapefruit juice, and the ratio of cortisone to Cortisol in their urine was measured 
by HPLC and used as an index of endogenous enzyme activity. 

Results: Both forms of lip-OHSD requiring either NAD or NADP were inhibited in a concentration- 
dependent manner by the flavonoids in grapefruit juice. Normal men who drank grapefruit juice had a fall 
in their urinary cortbone/corti&ol ratio, suggesting in vivo inhibition of the enzyme. 
Conclusion: Dietary flavonoids can inhibit this enzyme and, at high doses, may cause an apparent 
niweralocorticoid effect. (Clin Pharmacol The* 1996;59:62-71.) 

Yil Scob Lcc, MD, a Beverly J. Lorenzo, BS, Theo Koufis, MS, and 
Marcus M. Reidenberg, MD New York, tf.T. 



The enzyme lip-Hydroxysteroid dehydrogenase 
(llp-OHSD) oxidizes Cortisol to inactive corti- 
sone. This enzyme in the kidney regulates the 
amount of mineralocorticoid activity there, be- 
cause Cortisol binds as avidly to thc mineralocor- 
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ticoid receptor as aldosterone does. Deficiency of 
this enzyme in children, first described by Ulick et 
aL l in 1977, causes high Cortisol levels in the 
kidney that result in hypertension and hypokale- 
mia. Licorice-induced hypermineralocorticoidism 
is probably due to the inhibition of lip-OHSD by 
glycyrrhizic acid, the active principle of licorice. 2 " 4 
Much research has been done since 1977 on syn- 
dromes of apparent mineralocorticoid excess. 3,6 

Gossypol, a polyphenols constituent of cotton 
seed, has been studied in China as a potential 
male oral contraceptive, but hypokalemia devel- 
oped in some Chinese men while they were taking 
it, 7 We found that gossypol inhibited 110-OHSD 
activity in guinea pig 8 and human renal cortical 
microsomes. 9 Because there are structural simi- 
larities between gossypol and some flavonoids, we 
tested some of these and some other compounds, 
such as diuretics, that cause hypokalemia 9 * 10 and 
discovered that some inhibit this enzyme. Narin- 
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genin, the aglycone of naringin, is a major fla- 
vonoid in grapefruit juice and inhibits this en- 
zyme. 10 Recent work suggests that there are two 
isoforms of this enzyme, nicotinamide adenine 
dinucleotide (NAD)- dependent lip-OHSD and 
nicotinamide adenine dinucleotide phosphate 
(NADP)-dependent 113-OHSD with specific tis- 
sue distributions. 11 ' 14 The effects of these fla- 
vonoids are worth study because about 25 ing of 
flavonoids has been recently estimated to be in- 
gested daily in the diet, 15 whereas older studies 
cite as much as 1 gm per day, 16 

The objective of this study was to learn which 
other flavonoids in grapefruit juice inhibit 110- 
OHSD in vitro and whether grapefruit juice inhibits 
the enzyme in vivo. 

MATERIAL AND METHODS 
In vitro study 

Chemicals and solutions. All flavonoids (sec Struc- 
tures), cortisone, Cortisol, corticosterone, NAD, 
NADP, 99.9% dimethyl sulfoxide (DMSO), and 
Sigma Diagnostic Total Protein Kit (cat. No. 690-A) 

were purchased from Sigma Chemical Co., St. 
Louis, Mo. All flavonoids were dissolved in DMSO. 
Cortisone, Cortisol, and corticosterone were dis- 



solved in methanol (J.T. Baker HPLC grade pur- 
chased from VWR Scientific, Piscataway, N.J.) (1.4 
mmol/L) and kept at -4°C. NAD and NADP (5 
mmol/L) were dissolved in Tris hydrochloric acid 
buffer (0.1 mol/L, pH 8.0). 

Microsomal preparation and assay of 11 &-OHSD 
activity. Guinea pig kidney cortex was obtained from 
long-haired male Hartley guinea pigs (Hilltop, Pa.). 
Tissue was homogenized by a Tekmar Tissuemizer 
(Cincinnati, Ohio). Microsomes were prepared, di- 
luted to a concentration of 1.25 mg protein/ml as 
measured by the Sigma Diagnostics Total Protein 
Kit, and stored at -70° C. The enzyme activity in the 
microsomes was determined by measuring the rate 
of conversion of Cortisol to cortisone in the presence 
of NAD or NADP as described previously.*" m Each 
flavonoid was studied with use of NAD and NADP 
as the cof actor. The conversion rates from Cortisol 
to cortisone were determined, and the extent of 
inhibition was calculated. The drug concentrations 
that inhibited the enzyme by 50% (IQo) were esti- 
mated from duplicate incubations at each concen- 
tration of at least three different concentrations of 

each flavonoid by use of the dose-response pro- 
gram of Chou and Chou (Dose-effect Analysis with 
Microcomputers, Elsevier-Biosoft, Cambridge, En- 
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gland, 1989). For each flavonoid studied, at least 
one concentration was above and one below the 
IC 50 . 

^ ■ ' . 

Analytical method for urinary cortisone 
and Cortisol 

We modified our HPLG method for measurement 
of these compounds from microsomal incubation mix- 
tures. 9 The equipment consisted of a Waters Auto- 
mated Gradient Controller with two Waters 6000A , 
pumps (Waters Chromatography, Milford, Mass.). 
The injector was a Waters U6K and the detector was 
a Waters 486 Tunable Absorbance Detector set at a 
wavelength of 246 nm and 0.15 absorbance units full 
scale. The separation was performed with a Waters 
Nova-Pak Q 8 3.9 X 150 mm stainless steel column (4 
ujh spherical particle size> pore size 60 A, 7% carbon 
load, end-capped) or with a Waters uJBoiidapak Gjg 
3.9 x .300 mm column (10 jun irregular particle size, 
pore size 125 A, 10% carbon lead, end-capped). The 
peak areas, were recorded on a SE120 plotter pur- 
chased through Waters Chromatography. 

The mobile phase was methanol/water, initially 
at 70% water: 30% methanol. Conditions were 
changed over the first 6 minutes to 56% water: 44% 
methanol in a linear gradient that was then held 
isocratically for 14 rninutes. The gradient was then 
reversed linearly to 70:30 over 3 minutes and the 
column equilibrated for 5 minutes before the next 
injection. The flow rate was 1 ml/min. 

Procedure 

To each 10 ml aliquot of every standard and 
sample (performed in duplicate) was added 40 jxl of 
the 25 u,g/ml corticosterone* as the internal stan- 
dard. The samples were briefly vortexed to mix. One 
milliliter of 0.1 mol/L of sodium hydroxide was 
added to each test tube and again briefly vortexed to 
mix. Three milliliters of methylene chloride were 
added to each sample, capped with Teflon-lined 
screw tops, and rotated for 45 rninutes on a mechan- 
ical rotator at approximately 20 rpm. The samples 
were centrifuged at 3000 rpm (lOOpg) for 15 min- 
utes. The aqueous layer (top) was aspirated to 
waste. Again the samples were centrifuged for 10 
minutes at 3000 rpm and the remainder of the aque- 

• Corticosterone is excreted by humans at a rate that averages 6 
p,g#4 hours' 7 or less than of \% of 1.5 to 4.0 mg/24 hour 
production rate. 18 Thus the concentration from endogenous 
sources is less than 10% of that added, a negligible amount for 
this assay. 
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ous phase was aspirated. A small spatula full of 
sodium chloride (—150 mg) was added to each sam- 
ple, and any emulsion was broken up with a Pasteur 
pipet. The samples were then again centrifuged for 
10 minutes. The organic layer was carefully trans- 
ferred to clean test tubes and evaporated to dryness 
in a warm water bath (-45° C) under a stream of 
nitrogen. The residue was redissolved in 150 u,l of 
HPLC grade methanol and injected into the HPLC. 

The retention times were 16.5, 19.0, and 23.5 
minutes for cortisone, Cortisol, and corticosterone, 
respectively, on a Waters 10 micron, 300 X 3.9 mm 
stainless steel uBondapak C 18 column. On a Waters 
4 micron, 150 X 3.9 mm Nova-Pak, the retention 
times for' cortisone, Cortisol, and corticosterone 
were 12.8, 13.6, and 17.8 minutes. Levels measured 
in about 60 human urine samples ranged from 7.1 to 
215.4 ng/ml for cortisone and 4.5 to 230.1 ng/ml for 
Cortisol. The ratio of cortisone to Cortisol was 
0.2 to 5.7. 

The absolute recovery was 70% for Cortisol and 
69% for cortisone. The interday coefficient of 
variation for cortisone was 6.5% for 25 ng/ml arid 
1.5% for the 100 ng/ml standard. For Cortisol, the 
values were 6.3% for 25 ng/ml and 1.1% for 100 
ng/ml. Cortisone dissolved in methanol was chro- 
matographed and the peak was collected. The 
putative cortisone peak from extracted urine was 
also collected, and both fractions were scanned 
with a Varian Cary 219 spectrophotometer. The 
peaks had identical absorption spectra, with ab- 
sorption maximums at 239 nm. (The CRC Hand- 
book of Chemistry and Physics states that the 
absorption maximum of cortisone in alcohol 
is 237 nm). 

All samples were assayed twice in duplicate. Stan- 
dard curves for cortisone and Cortisol were deter- 
mined and plotted as in the in vitro study. Concen- 
trations of these steroids in unknown samples were 
extrapolated from these standard curves. 10 

In vivo preliminary study 

Six male volunteers aged from 35 to 65 years (two 
investigators and four other members of the Depart- 
ment of Pharmacology) who were living at home 
gave daily morning urine samples for 4 days. They 
then drank grapefruit juice, requested to be at a 
dose of a quart a day, for 7 days, and gave dairy 
morning urine samples on the last 4 days of this 
period. After a 3-day washout period, the subjects 
again gave daily morning urine samples for 4 days. 
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EFFECT OF GRAPEFRUIT JUICE ON 
URINARY CORTISONE TO CORTISOL RATIO 
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Fig. 1. Preliminary study results in six subjects living at home. Subjects 1 and 6 were two of 
the authors, who are known to have consumed the full amount of grapefruit juice. 



The cortisone and Cortisol concentrations were mea- 
sured in each urine sample. The two investigators 
(subjects 1 and 6) had a decrease in the ratio of 
urinary cortisone to Cortisol during the grapefruit 
juice period compared with the control periods be- 
fore and after grapefruit juice (mean ± SD for 



subject 1 was 11.4 ± 3.1, 5.7 ± 0.9, and 10.2 ± 2.1; 
mean ± SD for subject 6 was 4.8 ± 0.4, 3.6 ± 0.6 r 
and 4.7 ± 0.8). The other four subjects had no 
significant change. All data are shown in Fig. 1. 
Subjects 1 and 6 then volunteered for the dose- 
response study. 
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nase by different flavonoids with use of nicotinamide adenine dinucleotide (NAD; solid bars) or 
nicotinamide adenine dinucleotide phosphate (NADP; open bars) as a cofactor. *p < 0.05. 



In vivo dose-response study 

These two volunteers (subjects 1 and 6) gave 
urine samples for the last 4 days of four 7-day study 
periods. (1) First control period: Each subject col- 
lected a 10-hour (7 am to 5 pm) urine sample daily 
for 4 days (one subject missed 1 day of sample collec- 
tion); (2) Iow-dbse period: Each subject drank 950 to 
1060 ml grapefruit juice a day for 7 days and gave 
10-hour urine samples for the last 4 days of the 7-day 
period (3) High-dose period: Each subject drank 1900 
to 2100 ml (double volume of low-dose period) grape- 



fruit juice for 7 days and gave daily 10-hour urine 
samples for the last 4 days. (4) Second control period: 
Each subject gave daily 10-hour urine samples for 4 
days after 3 days of a washout period. 

Jin vivo metabolic balance study 

Protocol Two different healthy male volunteers 
(aged 26 and 31 years), not previously screened for 
responsiveness to grapefruit juice, gave informed writ- 
ten consent and were admitted to tne clinical research 
center for 3 weeks. An evaluation before the study 
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Fig» 3. Urinary cortisonc/cortisol ratios in subjects in dose-response study. Each period 
include four daily urine collections. Each urine sample was assayed twice, each assay in 
duplicate. Each point represents a single assay (four points per daily urine). 



showed normal physical findings, serum chemis- 
try, hematology, and ECG for both subjects. They 
ate a diet that had a constant amount of sodium 
and potassium during the- study (potatoes, ba- 
nanas, and lemonade during control periods to 
balance the grapefruit juice during the experimen- 
tal period). Their blood pressures and body 
weights were measured daily. Twenty-four-hour 
urine was collected for free cortisone, Cortisol, 
Na"\ and K"* for the last 4 days of three 7-day 
study periods. Blood samples were drawn for Na + 
and'K* for the same periods. Plasma renin activ- 
ity, aldosterone and Cortisol, and urinary aldoste- 
rone excretion were measured at the end of each 
period. The first and third weeks were the control 
periods. The second week was the experimental 
period in which 1500 ml grapefruit juice (100% 
from concentrate, Ocean Spray Cranberries Inc., 
Lakevilie, Mass.) was consumed daily. 

Statistics. Hie Bonferroni / test after a one-way 
ANOVA was used to assess statistically significant dif- 



Table L Inhibition of lip-OHSD in microsomes 
of guinea pig kidney by various flavonoids in the 
presence of NAD or NADP 



IC 50 (nmol/L) 



Flavonoids 



NAD 



NADP 



Quercetin* 


192 Z 18 


355 T 82 


Apigenin* 


284 ± 25 


125 ± 16 


Kaempferol 

Naringenin* 

Hesperetin* 

Naringin* 

Hesperidin 


322 ± 13 


293 ± 62 


496 ± 77 


264 ±63 


769 i 69 


509 ± 45 


21,191 ± 4,949 


10,550 ± 1,136 


>55,000 


>50,000 



. Data are mean values ± SD. 

lip-OHSD, l^-Hydroxysieroid dehydrogenase; NAD. nicotinamide 
adenine dinudeotide; NADP. nicotinamide adenine dinudeotide phos- 
phate; IC30. drug concentration that inhibited the enzyme by SOfc. 

•p < 0.05; NAD compared with NADP, 

ferences. Statistical significance was assumed when the 
corresponding p values were lower than a = 0.05. 

Approval. All human studies were approved by the 
Cornell Institutional Review Board. 
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SUBJECT A 



I NORMAL DIET |v GRAPEffRUFTJUICE [ NORMAL DIET || 



70 

^0-^ Potassium 




Urinary 
cdrtisone/cortisol 



2.7 2.9 3.1 3.1 



1.9 22 22 2.1 



3.5 3.0 3.8 2.8 



Plasma Cortisol 
(mcg/dl) 9J 


11.8 


12.8 


13.5 


Plasma renin 
artivity(ng/rnl^r) 033 

i. 


1.4 


1.4 


1.6 



Fig. 4. Values for subject A in metabolic balance study. Open bars, Daily urinary sodium 
excretion; solid bars, potassium excretion. TTae cortisone/cortisol ratios in the grapefruit juice 
penod are significantly different from each normal diet period. The urinary free Cortisol during 
grapefruit juice differs significantly from the first but not the second control period. 



RESULTS 
In vitro study 

The renal cortex homogenate obtained from male 
guinea pigs readily converted Cortisol to cortisone 
after 1 hour of incubation at 37° C with NAD or 
NADP as a cofactor. There was no difference in the 
conversion rate between NAD and NADP (mean ± 
SD,75.1% ± 7.53% with NAD versus 71.0% ± 6.85% 
with NADP; p > 0.05). However, the Michaeiis- 
Menten constant (KJ values for NAD and NADP 
calculated from the double reciprocal plots were sig- 
nificantry different (36.4 i 7.02 ujnol/L with NAD 
versus 57,6 ± 13.1 »mo\fL with NADP;/? < 0.05). 

Each flavonoid inhibited the enzyme in a 
concentration-dependent manner. The inhibition 
rates for most flavonoids with use of NAD differed 
from that with use of NADP (Fig. 2). The 1C 50 
values of the flavonoids to inhibit the NAD- or 
NADP-utHizing form of llp-OHSD are given in 
Table I. Quercetin was the most potent inhibitor 



with NAD; apigenin, kaempferol, and naringenin 
had similar potencies. Apigenin was found to be the 
most potent inhibitor with NADP, whereas the po- 
tency of naringenin, kaempferol, and quercetin were 
similar. Naringin and hesperidin were poor inhibi- 
tors, and their IC 50 values were much less than that 
of their aglycons, naringenin and hesperetin. The 
ICso values of each flavonoid with use of NAD as a 
cofactor differed from the IC 50 values with NADP as 
the cofactor, except for kaempferol. 

In vivo dose-response study & 

The two subjects who drank grapefruit juice 
showed a dose-dependent decrease in their urinary 
cortisone/cortisol ratios, indicating inhibition of 
ll£-OHSD by grapefruit juice (Fig. 3). Each 4-day 
period was statistically significantly different from 
the control periods, and the low- and high-dose 
periods differed in subject 1 statistically and in sub- 
ject 6 numerically but not statistically. 
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SUBJECT B 



| NORMAL DIET kK^XEEniUlT JUICER NORMAL DIET | 



•^Sodium 
70 intake 

Potassium 




Urinary 



3.7 3.8 3.6 23 



1.8 1.5 1.6 1.8 



3.4 3.8 4.3 3.7 



Plasma Cortisol 
(mcg/dl) 71 


10.9 


9.6 


10.0 


Plasma renin 
acrivrcy(ngfal/hr) 13 


3.5 


2.5 


2.1 



Fig. 5. Values for subject B in metabolic balance study. Open bars, Daily unnary sodium 
excretion; solid ban, potassium excretion. The cortisone/cortisol ratios and the unnary free 
Cortisol during the grapefruit juice period are significantly different from both control periods. 



In vivo metabolic balance study 

The actual values for each subject are presented 
in Figs. 4 and 5. The mean ratios Of the uri- 
nary cortisone to Cortisol fell with grapefruit juice 
and- recovered during the second control period 
(mean ± SD, 3.27 ± 0.48 during the first control 
period, 1.88 ± 0.28 during the grapefruit juice pe- 
riod, and 3.52 ± 0.46 during the second control 
period). Urinary free Cortisol levels also were in- 
creased during the grapefruit juice period and re- 
turned to the control level after subjects ceased to 
drink grapefruit juice (mean ± SD, 34.3 ± 19.0 for 
the first control period, 58.2 ± 9.2 for the grapefruit 
juice period, and 26.3 ± 12.9 for the second control 
period; p < 0.05 for each control period compared 
with grapefruit juice period). There was a little 
change in the body weight during the study (67.3 t 
0.4, 67.8 ± 03, and 67.5 ± 0.1 kg for subject A and 
73.5 ± 0.8, 74.4 ± 0.2, and 74.4 ± 0.1 kg for subject 
B, in the first control, grapefruit juice, and second 



. control periods, respectively). The urinary sodium 
and potassium values were variable during the study. 
There were no significant changes in plasma potas- 
sium levels and blood pressure values during the 
study. 

DISCUSSION 

Grapefruit juice is known to inhibit the first'P^ 
oxidation of felodipine and nitrendipine, 1 \ pre- 
sumably because of compounds in the juice that 
inhibit cytochrome P450 3A. We did this study to 
learn if it also inhibited another in vivo oxidation, 
that of lip-OHSD. We tested several flavonoids 
present in grapefruit juice for their ability to inhibit 
lip-OHSD from guinea pig renal cortex microsomes. 

The two different; isoforms of the enzyme. NAD- 
dependent and NADP-dependent llp-OHSD, had 
different values for Cortisol, and the flavonoids had 
different ICjq values for the two forms. We confirmed 
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the finding of Walker et al. 11 of similar conversion 
rates for the two forms. 

There are a number of flavonoids in grapefruit 
juice, Naringih is the most abundant flavonoid, 
present in concentrations of up to 1 mmol/L. 21 It is 
thought to be converted to the aglycone naringenin 
in the intestine after oral administration. Because 
the. flavonoids in grapefruit juice inhibited lip- 
OHSI? in vitro, we evaluated the ability of grape- 
fruit juice to inhibit the enzyme in vivo. Drinking 
grapefruit juice lowered the urinary cortisone/corti- 
sol ratios in the two investigators and both inpatient 
subjects, indicating in vivo inhibition of the enzyme. 
At the doses consumed, it did not change renal 
electrolyte clearance. Natural licorice in very high 
doses causes mineralocorticoid effects by inhi- 
bition of this enzyme. 4 - 22 - 23 We think that grape- 
fruit juics inhibited 110-OHSD, but the effect was 
too mild to cause electrolyte changes in these 
subjects because their urinary free Cortisol did not 
exceed the normal range. A possible alternative 
explanation is that ring A reduction of Cortisol 
and not lip-OHSD inhibition is the major cause 
of the syndrome of apparent mineralocorticoid 
excess. 23 " 26 

If the conventional view that lip-OHSD inhibi- 
tion is the cause of the syndrome, and if there are 
differences in different people's enzyme sensitivity 
to these inhibitors, as we found with different strains 
of guinea pigs for gossypol inhibition, 8 some people 
may increase their potassium clearance if they drink 
large amounts of grapefruit juice. Furthermore, fla- 
vonoids are sold in tablet form in health food stores 
and drug stores. If people take large quantities of 
flavonoids as dietary supplements, it is possible that 
the flavonoids may cause sufficient 110-OHSD inhi- 
bition to produce the syndrome of apparent miner- 
alocorticoid excess. 

We thank Patricia Danton for her help. 
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Rzfoxti© Casts or Apparent MfNTRAUOCoimcoiP Excess (AM£) 



.Patient* 



1 

2D U4 years) 
3D (12 yean) ;; 

4 ■•. 
.5 
•*6 

7 

• 8D 

9D (5/12 year) 
10 
UR 
. 12R 
13 . 
14 

15 - 

16 

17R 

18R 

19 

20 



Patient age* 
(years) 



Sex 



Blood 
pressure 
(mm Hg) 



Aldosterone'' 
(ng/dl) 



3 
3 

0 1/12(2 9/12) 

1 7/12 . 
9 . 

3 3/12 
2(4) 

1 7/12 .. 
0 5/12 

0 9/12(19) 
3 

3 9/12 
7 
9 
3 

21 

2 (9 4/12) 

. 2 6/12 14 4/12) 
14 9/12 
2 3/13 



F 

F 

F 

M 

M 

F 

M 

M 

M 
F 
F 
F 
F 

M 
M 
M 
F 
F 
M 
M 



10.2 
>7 

9.8 
>4 
>10 
40 
15.9 
45 
70 
15 
31.2 
13.4 
29.8 
26.9 

7.5 
13.5 

8.9 
20 

8 

129 



175/115 

144/104 

180/120 

140/100 

250/180 

125/85 

140/90 

150/110 

200/100 

150/100 

170/110 

200/129 

160/120 

170/100 

200/110 

200/145 

130/90 

142/98 

130/90 



Citation' 



1.9 


(1) 


ND 


(2) 


ND 


(3) 


ND 


(3) 


ND 


<4) 




G. Phillipou (1978)/ 


1.3 


(5) 


3 


(6) 


1.1 


(7) 


2.4 


<8) 


<0.2. 


(9) 




(9) 


ND 


(10) 




J. S. D. Winter (1988)' 




Peskovite<1986)' 


<3.4 


(ID 


ND 


(12) 


ND 


(12) 


ND 


(12) 




Wood (1992K 



. D. patient died (age at death); K the adjacent patient* are ijbUn gs j. ■ parenthesis, is the 

R - (THF ■+ 5oTHF)/THE. 

, (11) Stewart et <U. (1988): (12) Monder el al (1986X 

/'Unpublished. 
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Endogenous 11 beta-fay droxysteroid dehydrogenase inhibitors and 
their role in glucocorticoid Na+ retention and hypertension. 

Morris DJ, Soilness GW 

Department of Pathology and Laboratory Medicine, Miriam Hospital, Lifespan 
and Brown University School of Medicine, Providence, RI 02906, USA. 

11 beta-hydroxysteroid dehydrogenase (1 1 beta-HSD) metabolizes active 
glucocorticoids to their inactive 1 1-dehydro products and protects renal 
mineralocorticoid receptors from the high circulating levels of endogenous 
glucocorticoids. 1 1 beta-HSD has been suggested to be important not only in the 
control of renal sodium retention but also blood pressure. We had previously 
shown that 1 1 alpha- and 1 1 beta-hydroxyprogesterone (1 1 alpha- and 1 1 
beta-OHP) were (I) potent inhibitors of 1 1 beta-HSD (Isoforms 1 and 2) activity 
in vitro, (ii) able to confer mineralocorticoid (MC) activity upon corticosterone 
(B) in vivo and (iii) hypertensinogenic when chronically infused into 
Sprague-Dawley (SD) rats. In addition we also showed that 3 
alpha,5B-tetrahydroprogesterone (3 alpha,5B-THP) and chenodeoxycholic acid 
(CDC A) were potent inhibitors of 1 1 beta-HSD 1 activity but not 1 1 beta-HSD2 
activity, however, these substances were still able to confer MC activity upon B in 
the adrenalectomized rat. To assess the possible blood pressure modulating effects 
of 3 alpha,5B-THP and CDCA we have now infused these substances into intact 
SD rats continuously for 14 days. Both 3 alpha,5B-THP and CDCA caused a 
significant elevation in blood pressure within seven days, an effect that persisted 
throughout the 14-day infusion. These results show that both 3 alpha,5B-THP and 
CDCA are hypertensinogenic in the rat and that the inhibition of either 1 1 
beta-HSD2 or 1 1 beta-HSDl activity by endogenous progesterone metabolites and 
CDCA may be involved in the pathology of hypertension. 
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Carbenoxolone increases hepatic insulin sensitivity in man: a novel 
role for 11-oxosteroid reductase in enhancing glucocorticoid receptor 
activation. 

Walker BR, Connacher AA, Lindsay RM, Webb DJ, Edwards CR. 

University of Edinburgh, Department of Medicine, Western General Hospital, 
Scotland. 

In the kidney, conversion of Cortisol to cortisone by the enzyme 1 1 beta- 
hydroxysteroid dehydrogenase protects mineralocorticoid receptors from Cortisol. 
In the liver, a different isoform of the enzyme favors 1 1 beta-reductase conversion 
of cortisone to Cortisol. We have tested the hypothesis that hepatic 1 1 beta- 
reductase enhances glucocorticoid receptor activation in the liver by inhibiting the 
enzyme with carbenoxolone and observing effects on insulin sensitivity. Seven 
healthy males took part in a double blind randomized cross-over study in which oral 
carbenoxolone (100 mg every 8 h) or placebo was administered for 7 days. 
Euglycemic hyperinsulinemic clamp studies were then performed, including 
measurement of forearm glucose uptake. Carbenoxolone increased whole body 
insulin sensitivity (M values for dextrose infusion rates, 41.1 +/- 2.4 mumol/kg.min 
for placebo vs. 44.6 +/- 2.3 for carbenoxolone; P < 0.03), but had no effect on 
forearm insulin sensitivity. We infer that carbenoxolone, by inhibiting hepatic 1 1 
beta-reductase and reducing intrahepatic Cortisol concentration, increases hepatic 
insulin sensitivity and decreases glucose production. Thus, plasma cortisone 
provides an inactive pool that can be converted to active glucocorticoids at sites 
where 1 1 beta-reductase is expressed, abnormal hepatic 1 1 beta-reductase activity 
might be important in syndromes of insulin resistance, and manipulation of hepatic 
1 1 beta-reductase may be useful in treating insulin resistance. 
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Licorice inhibits 11 beta-hydroxysteroid dehydrogenase 
messenger ribonucleic acid levels and potentiates glucocorticoid 
hormone action. 

Whorwood CB, Sheppard MC, Stewart PM 

Department of Medicine, University of Birmingham, Queen Elizabeth Hospital, 
Edgbaston, United Kingdom. 

1 1 beta-Hydroxysteroid dehydrogenase (1 1 beta HSD) is responsible for the 
interconversion of Cortisol to cortisone [corticosterone (B) to 
1 1-dehydrocorticosterone in rodents] and confers ligand specificity to the 
mineralocorticoid receptor. Inhibition of 1 1 beta HSD by licorice derivatives 
[glycyrrhizic and glycyrrhetinic (GE) acids] results in cortisol/B and not 
aldosterone acting as a potent mineralocorticoid. 1 1 beta HSD is ubiquitously 
expressed and, by converting active glucocorticoid to inactive metabolites, may be 
an important prereceptor regulator of ligand access to the glucocorticoid receptor 
< (GR) To investigate this further, we have studied the effect of 1 1 beta HSD 
inhibition by licorice derivatives on PRL gene expression (a known glucocorticoid 
target gene) in rat pituitary GH3 cells. Glycyrrhizic acid admimstration to rats in 
vivo (75 mg/kg.day for 5 days) resulted in inhibition of 1 1 beta HSD activity, as 
previously reported, but also a significant reduction in steady state 1 1 beta HSD 
mRNA levels in both predominantly mineralocorticoid (kidney and distal colon) 
and glucocorticoid (liver and pituitary) target tissues. In vitro, 1 1 beta HSD 
mRNA and activity were present in rat pituitary GH3 cells (81% conversion of B 
to 1 l-dehydrocorticosterone/4 x 10(6) cells after 24-h incubation) and inhibited by 
GE in a dose-dependent fashion. While B or GE alone (10(-8)-10(-5) M) had little 
or no effect on PRL mRNA levels or immunoassayable PRL, combinations of GE 
plus B resulted in marked inhibition of PRL mRNA levels and secretion, to such 
an extent that a concentration of 10(-6) M B with 10(-6) M GE was more potent 
than equimolar concentration of the synthetic GR agonist RU 28362. This 
inhibitory effect on PRL mRNA levels was blocked by a 10-fold excess of the GR 
antagonist RU 38486, but not by a 10-fold excess of the mineralocorticoid 
receptor antagonist RU 26752, confirming that this potentiation of glucocorticoid 
hormone action was operating through the GR and not the mineralocorticoid 
receptor. In addition to its established role as a competitive inhibitor of 1 1 beta 
HSD licorice results in pretranslational inhibition of 1 1 beta HSD both in vitro 
and in vivo. 1 1 beta HSD is clearly an important mechanism in regulating tissue 
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Inhibition of 11/NHydroxysteroid 
Dehydrogenase Obtained from Guinea Pig 
Kidney by Furosemide, Naringenin and Some 

Other Compounds 

Yin Di Zhang,* Beverly Lorenzo and Marcus M. Reidenbergf 

Departments of Pharmacology and Medicine, Cornell University Medical College, 1300 York Avenue, New York 

NY 10021, U.S.A. 



S£« -«h v. "t*^ ?^ Ster0,d deh y^ogenas e (11/f-OHSD) can cause excess mineralocorticoid 
2™. ^ • S^*"" 3, SeVeraI substanCf * causing hypokalemia (glycyrrhizic acid in licorice and 
gossypoi; mlubit this enzyme. We tested other compounds for activity to inhibit 110-OHSD in guinea 
£mk uT? micros * m « NADP as cofactor and Cortisol as substrate. Furosemide was an 
inhibitor while bumetanide was not, indicating a mechanism for the increased K> excretion caus d 
27^* compared with bumetanide. Naringenin (found in grapefruit juice), ethacrynic acid, 
and chenodeoxychohc acid had inhibitor IC„ values similar to glycyrrhizic acid. We conclude tha 
SeroTdTcZ ^ Cn2yme may pU * a r9le ta K + metabolism and adrenocor- 

J. Steroid Biochem. Molec. Biol., Vol. 49J No. 1, pp. 81^85, 1994 



INTRODUCTION 

The syndrome of apparent mineralocorticoid excess, 
first described by Ulick, Ramirez and New in 1977 
[1], has led to much research on the enzyme 110-hy- 
droxysteroid dehydrogenase (11/1-OHSD). Deficient 
activity of this enzyme in children leads to their 
inability to oxidize Cortisol to inactive cortisone, 
providing high Cortisol levels in the kidney which 
activate renal mineralocorticoid receptors and cause 
hypertension and hypokalemia. Subsequently, the 
mechanism of licorice-induced hypermineralocorti- 
coidism was shown to be the inhibition of 1 10-OHSD 
by the active principle of licorice, glycyrrhizic acid. 
Since then, much research has been done to explore 
the role that this enzyme plays in regulating the 
interactions of Cortisol with mineralocorticoid and gJu- 
cofcoftkbid receptors [2-6]. 

Gossypoi, a polypheholic constituent of cotton seed, 
has been studied in China as a potential oral contra- 
ceptive for men because it suppresses sperm motility 

♦Proem addrew: Nanjing Medical College, Add, 140, Han Zhone 
Road, Nanjing, Jiangm, China 

tCorrespondence to M. M. Reidenberg, Department of Phanna- 
colosy. 

Received 8 July 1993; accepted 4 Jan. t994. 
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and formation without affecting testosterone levels [7], 
Some Chinese men who received gossypoi developed 
hypokalemia although the cause remained obscure [7]. 
This is particularly remarkable since idiopathic hy- 
pokalemia, often associated with hyperthyroidism, oc- 
curs widely in China; in addition, normal Chinese 
men have serum potassium levels lower than men in 
four other countries, with 9% having values below 
3.5mmol/l [8]. 

In studies investigating how gossypoi causes 
hypokalemia, we found that gossypoi inhibited 11/?- 
OHSD activity in guinea pig [9] and human [10] 
renal cortical microsomes. We also found tnat 
certain bioflavonoids inhibit rat liver 110-OHSD 
[10]. Others have reported inhibition of the rat 
kidney enzyme by bile aci4s [11] and by steroidal 
and triterpenoid compounds [12], and inhibition of 
the rat liver enzyme by some substances in human 
urine [13]. We therefore decided to test a variety 
of compounds for their possible enzyme inhibiting 
effect, choosing drugs that can cause hypokalemia or 
sodium retention as a side effect, flavonoids from 
grapefruit juice that inhibit the oxidation of dehy- 
dropyridine calcium channel blocking drugs [15-17] 
or sterols in vegetable oils at concentrations of 
100-500 mg/dl [14], 

C? NOTICE: THIS MATERIAL MAY BE PROTECTED 
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MATERIALS AND METHODS 
Chemicals, and solutions 

Sitosterol was a gift from Eli Lilly and Co. (Indiana- 
polis, IN). Campesterol was purchased from Aldrich 
Chemical Co. (Milwaukee, WI). All other chemicals 
were purchased from Sigma Co. (St Louis, MO). 

Most sterols, furosemide, ethacrynic acid, naringin 
andj riaringenin were dissolved in ethanol and diluted 
with methanol. Cholic acid, chenodeoxycholic acid, 
bumetanide, hydrochlorothiazide and spironolactone 
were dissolved in methanol Phenylbutazone and in- 
domethacin were dissolved in distilled water (pH 9). 
Glycyrrhizic acid was dissolved in distilled water. 
Corticosterone and hydrocortisone were dissolved in 
methanol (144 /imol/1) and kept at -4°C. 



Enzyme preparation and measurement of llft-OHSD 
activity 

Kidney cortex was obtained from long-haired male 
Hartley "guinea pigs: Tissue was homogenized in 
Krebs-Henseleit buffer as described previously [9], 
except for the use of a Tekmar Tissuemizer (Cincin- 
nati, OH). Microsomes were prepared as described 
previously [9], except that they were diluted to a 
concentration of 1.25 mg protein/ml prior to storage at 
-70°C. 

The enzyme activity in guinea pig kidney cortex 
microsomes was determined by measuring the rate of 
conversion of Cortisol to cortisone. Five minutes before 
incubation, 2 ul of concentrated Triton DF-18 was 
added to each milliliter of the microsome suspension. 
The assay mixture contained 500 /il Krebs-Henseleit 
buffer (pH 7.2), 50^1 5mmol/l NADP, 40 u\ of 
144/tmol/l phosphate-sucrose buffer, 20-50 /il 
(25-63.5 /ig) of microsome suspension in 0.01 M phos- 
phate-sucrose buffer and various concentrations of each 
compound studied. This mixture was incubated in 
duplicate or triplicate. The total volume was 700 /il. 
Methanol concentration was kept at<10%. Control 
studies showed that this concentration did not inhibit 
the reaction. After lh of incubation at 37°C, the 
reaction was terminated by the addition of 3 ml meth- 
ylene chloride and 20 pi 144/zmol/l corticosterone sol- 
ution as the internal standard for assay of cortisone and 
Cortisol. 

The enzyme inhibition constant for furosemide was 
determined by adding furosemide in various amounts 
to achieve concentrations from 3.9 to 62 /tmol/1 in the 
incubation mixture and Cortisol concentrations of 4, 8, 
and 16 /imol/1. The constants were obtained from a 
Dixon plot and a kinetic program (Chou J, Chou T-C: 
Michaeiis-Menton analysis with microcomputers, Disk 
No. 1, Elsevier-Biosoft, 1989, Cambridge, England. 

A modification of the HPLC method of Sang [9] was 
used to measure Cortisol, cortisone and corticosterone 
in the micr somal incubation mixture. The steroids 
were extracted into methylene chloride by vortexing for 
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lmin, then centrifuged at 750 £ for 15min. The 
aqueous layer was removed by aspiration. 300 /il of 
0.1 NaOH was added to the organic phase followed by 
vortexing for 30 s. The mixture was centrifuged and 
the aqueous layer removed. The organic phase was 
washed with 500 /il of milli-Q water (Millipore Corp., 
Bedford, MA). The 1.5 ml organic phase was trans- 
ferred to clean glass tubes and dried by evaporation in 
a 45-50°C water bath. The residue was dissolved into 
200 /il of methanol and 5 /il of this solution was injected 
into the HPLC apparatus. A standard curve for Cortisol 
and cortisone was determined in duplicate in each 
enzyme experiment by using the same amount of 
microsome suspension after boiling to inactivate the 
enzyme. Standard curves were plotted as the ratio of 
peak height of cortisone (or Cortisol) divided by the 
peak height of the internal standard vs steroid concen- 
tration. AD unknown concentrations of Cortisol and 
cortisone were determined from the standard curves 
from each experiment. The drug concentrations that 
inhibited the enzyme by 50% (IC^) were estimated 
from at least 3 different concentrations of each com- 
pound evaluated by a dose-response program (Chou 
and Chou: Dose-erTect analysis with microcomputers, 
Disk No. 2, Elsevier-Biosoft. 1989, Cambridge, Eng- 
land). 

The HPLC apparatus used for quantitating the 
steroids consisted of a Waters Model 6000 A solvent 
delivery system, U6K injector, model 680 automated 
gradient controller, Waters 486 tunable absorbance 
detector and a BBC chart recorder (Model SE 120). 
The mobile phase contained methanol-water (30 :70, 
v/v) at a flow rate of 1.0 ml/min. The Waters stainless 
steel Novapak C 18 column (3.9 x 150 mm, 4/x) was kept 
at room temperature. The retention times for cortisone, 
Cortisol and corticosterone were 6.5, 7.0 and 9.0 min, 
respectively. 



RESULTS 

The efficacy of the compounds tested to inhibit the 
NADP-utilizing form of 11/J-OHSD from guinea pig 
renal cortex with Cortisol as substrate is shown in 
Tables 1 and 2. Furosemide was the most potent 
inhibitor tested, with glycyrrhizic acid, naringenin, 
ethacrynic acid and chenodeoxycholic acid having po- 
tencies similar to each other but an order of magnitude 
less potent than furosemide. Data for glycyrrhizic acid, 
naringenin and naringin are shown in Fig. 1. The 
correlation coefficient (r value) for the computed values 
agreeing with the measured values for the potent 
inhibitors was 0.99 for furosemide, glycyrrhizic acid, 
and naringenin, 0.96 for ethacrynic acid and 0.86 for 
chenodeoxycholic acid. It was above 0.95 for all of the 
other compounds tested except for phenylbutazone 
which was 0.86. 

The observations of enzyme inhibition by 
furosemide at varying concentrations of Cortisol is 
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Inhibition of 110-OHSD 

7oMg 1. Inhibition of Ufi-QHSD by various compounds 
Compound 

Furoscmidc 
Glycyrrhizic acid 
Naringenin 
Ethacrynic acid 
Chcnodeoxycholic acid 
Phenylbutazone 
Sitosterol 
Stigmastcrol 
Naringin 
Cholic acid 
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IQo 0*moJ/l) Concentratio ns tested (^mol/l) 

59 12, 50, 100, 200, 500, 1000 

254 132, 246, 529 

336 12, 25, 50, 100, 1000, 2000, 5000 

452 50, 100,200,400,2000 

513 200, 400, 600, 800 

1358 167, 667, 1344 

1395 500, 1000, 1500 

1968 500, 1000, 1500 

2373 582,1163, 1744 

3529 1250, 2500, 3750, 5000 



Campestcrol inhibited 33% at the highest concentration tested of 1000 /t mol/1. 
Since a second higher point could not be measured because of limited 
solubility of the compound, an IC* was not calculated. 



shown as a double reciprocal plot in Fig. 2. Most of 
the lines converge near the ordinate. A Dixon plot 
indicated that the inhibition by furosemide is competi- 
tive. The enzyme kinetic constants were: 
^ ?u m °yi 3nd K - = 30nmol//.g microsomal 
protein/h. The K< for furosemide was 7.7iimol/l 
nearly the same as the K m for Cortisol. 

DISCUSSION 

■ We have tested a number of compounds for their 
aWity to. inhibit the NADP-utilizing form of 110- 
UHoD from guinea pig renal cortex with Cortisol as 
substrate. We found that furosemide is a much more 
potent inhibitor than glycyrrhizic acid, and that narin- 
genin, ethacryhic; acid and chenodeoxycholic acid in- 
nibu with a potency almost equal to that of 
glycyrrhizic add. 

The compounds selected for study were chosen 
tor a variety of reasons: the diuretics because 
they cause potassium loss with spironolactone as 
a control since it does not; glycyrrhizic add and 
the bile salts as reference compounds, since data 
about these compounds have been published and 
therefore they can be used in this study to evaluate 
relative potency of the other compounds studied; 
nanngm and naringenin because they are active 
compounds in grapefruit juice that inhibit a particular 
patfway of drug oxidation (cytochrome P 450 3A4) 
5! ZJT *<* * ^ey also inhibited 

tins oxidation pathway (ll/NOHSD); the sterols 
since they are present in vegetable oils and have a 

TM2. Compounds that failed to inhibit IJpjOHSD 
. Maximum concentration 

C ° mpound tested Q,mol/J) 

Bumetanide 20O0 " 



Hydrochlorothiazide gOOO 
Indomcthacin ll00 
Spironolactone 2000 

>thc maximum concentration tested was limited by the 
solubility of the compound. 



structure suggesting that they might inhibit 110- 
0HS P* . ai ? d the cydooxygenase inhibitors because 
they inhibit prostaglandin formation and cause salt 
retention. 

The K m of our enzyme preparation for Cortisol 
(8 ^mol/1) is similar to that of rat for corticosterone 
(2 /imol/J) found by Monder et al [18]. Working with 
purified enzyme from rat liver (gift from Dr C. 
Monder), we have found an'TC* of 12nmol/l for 
glycyrrhetinic acid [10], similar to the dissociation 
constant of the enzyme-inhibitor complex of 8 nmol/1 
reported by Monder et al [18].' In a previous study 
from our laboratory, glycyrrhizic acid had an IC 50 of 
1994 /*mol/l for guinea pig renal cortex microsomes 
with corticosterone as the substrate without Triton in 
the incubation mixture [9] compared with 254/imol/l 
in the present study using Triton and Cortisol as the 
substrate. Buhler et aL [12] working with rat kidney 
microsomes and corticosterone at 0.1 /xmol/1, found an 
ICtt of 4/iM; in our study of guinea pig microsomes 
with a substrate concentration of 23 /imol/1 we found 
an IQo of 254juM. Perschel et al [11] working with 
rat kidney microsomes found cholic acid to inhibit this 
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Fig. 1. Inhibition of ll[btl^OHSD by glycyrrhizic acid from 
licorice and flavonoids from grapefruit Juice. 
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Fig. 2. Double reciprocal plot of 1/v 1/s for ll/NOHSD with varying concentrations of furosemide in incubation 
mixture. K m for Cortisol is 8 /imol/1. is 30 nmol/^g microsomal protein/h. JT, for furoaemide is 7.7 prnol/1. 
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enzyme at l/27th the potency of chenodeoxycholic 
acid. We found it to be l/7th the potency' in our 
system. 

We studied the NADP-requiring form of the en- 
zyme that is present in most tissues rather than the 
NAD-requiring form that is present in the distal 
nephron [19-21], Whether inhibition of the NAD-re- 
quiring enzyme is different from that of the NADP- 
requiring enzyme is not known. Since the mechanism 
of inhibition of glycyrrhetinic acid [18], gossypol [91 
and furosemide (this study) is competitive, one might 
speculate that competitive inhibition of the NAD-re- 
quiring form of the enzyme by these compounds 
might also occur. 

The fact that furosemide is an inhibitor of the 
enzyme while bumetanide is not may explain 
why furosemide causes more potassium excretion 
per unit sodium excretion than bumetanide [22-24]. 
It is excreted by patients with heart failure at a 
rate of 15-30 /ig/min [25], Assuming a 1 ml/min 
urine flow, the furosemide concentration would be 
76 pM, compared with its IC50 of 59fiM in this 
study. 

Three flavonoids: the sugar conjugates of narin- 
genin, qucrcetin and kaempferol, along with some 
others are found in grapefruit juice [26]. These are 
hydrolyzed in the intestine to the aglycons which are 
absorbed. We found that naringenin inhibited the 
enzyme in this study, and previously that the 
. flavonoids morin and quercetin were weak inhibitors 
[10}. The importance, if any, of these dietary constitu- 
ents as in vivo inhibitors of this enzyme remains to be 
determined. 
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